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A procedure  which  allows  the  determination  of  the  topological 
properties  (genus  and  number  of  separate  parts)  of  any  sinter  structure 
is  presented.  Experimental  measurements  of  the  topological  properties 
were  made  on  uncompacted,  sintered  copper  samples  as  a function  of  pore 
volume  fraction  for  two  different  size  fractions  of  spherical  powder 
(-270  <325  and  -120  +1A0  mesh)  and  one  size  fraction  of  electrolytic 
powder  (-270  +325  mesh)  over  the  entire  range  of  density  available  to 
the  powders  sintered  in  the  uncompacted  state.  Measurements  of  the 
metric  properties,  surface  area  and  average  mean  surface  curvature  of 
the  void-solid  Interface  and  of  grain  boundary  area  and  grain  size 
were  made  for  the  -270  +325  mesh  spherical  and  electrolytic  powder 
samples.  The  result's  for  the  three  different  powders  are  compared 
and  the  differences  in  behavior  are  explained.  The  combination  of  the 
topological  and  metric  properties  results  in  a detailed,  quantitative 
description  of  the  evolution  of  geometry  which  occurs  during  the 
sintering  process. 
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This  evolution  of  geometry  can  be  divided  into  three  distinct 
stages  of  behavior  in  terms  of  the  variation  in  the  topological 
properties.  During  the  first  stage,  the  genus  varies  in  a compli- 
cated way  with  increasing  density  which  depends  on  the  shape  and 
initial  stacking  of  the  particles.  The  second  stage  begins  as 
channels  surrounded  by  three  or  more  particles  begin  to  close.  As 
a result  of  the  closure  of  channels,  the  genus  decreases  and 
isolated  separate  parts  of  the  void  space  are  formed.  The  void- 
solid  interface  which  exists  during  the  second  stage  is  referred 
to  as  a conditional  minimal  surface.  Channel  closure  and  the 
removal  of  void  space  and  void-solid  interface  are  closely  related 
during  second-stage  sintering.  When  channel  closure  is  complete, 
the  third  stage  begins  and.  conglobation  of  separate  parts  becomes 
the  dominant  geometric  process.  This  three-stage  behavior  is  also 
exhibited  by  the  variation  in  the  metric  properties  and  the  grain 
structure  during  the  sintering  process. 

Normal  grain  growth  was  found  to  be  closely  associated  with 
the  closure  of  channels  during  the  second  stage  of  the  sintering 
process  after  the  conditional  minimal  configuration  is  established. 
Exaggerated  grain  growth  was  observed  to  occur  at  the  same  pore 
volume  fraction  independent  of  the  genus  of  the  void-solid 
interface. 

The  variation  in  the  topological  properties  during  the 
sintering  process  was  found  to  agree  closely  with  the  predictions 
of  a previously  developed  computer  model. 
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CHAPTER  I 


INTRODUCTION 


1 , 1 Sintering  and  Powder  Metallurgy 

Sintering  is  a term  which  is  descriptive  of  a process  whereby 
a mass  of  particulate  material  is  transformed,  usually  at  elevated 
temperature,  into  a solid  body.  The  sintering  process  is  of 
importance  in  metallurgy,  ceramics  end  chemistry. 

In  ceramics,  for  example,  bricks  are  produced  from  particles 
of  clay  by  firing  at  elevated  temperature,  and  fuel  elements  for 
nuclear  reactors  are  produced  from  uranium  dioxide  powder. 

In  chemistry,  Teflon  is  produced  from  Teflon  powder  by  exposure 
to  pressure  end  elevated  temperature. 

According  to  Jones  £l"|: 

Two  main  types  of  products  are  manufactured  by  powder 
metallurgy: 

(a)  materials  which  cannot  easily  bo  made  any  other  way. 
Examples  of  this  class  are  porous  bearings  ar.d  filters, 
metallic  frictional  materials,  abrasive  tools,  electric 
lamp  filaments,  somG  electric  contacts,  motor  and  dynamo 
brushes,  end  e variety  of  soft  and  hard  magnetic  materials; 

(b)  materials  which  could  be  made  by  other  methods,  but 
for  which  the  powder  metallurgy  technique  may  be  more  con- 
venient or  cheaper.  Examples  of  this  class  include  many  of 
the  rarer  or  precious  metals,  strip  or  extruded  shapes  in 
base  metals  or  alloys,  some  bearing  metals,  some  hard  or 
soft  magnetic  materials,  and  a wide  variety  of  engineering 
components,  usually  in  Iron  or  copper  base  alloys,  usually 
fairly  small,  manufactured  in  competition  with  processes 
involving  machining,  drop  forging,  die  casting,  pressing,  etc. 
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These  widespread  applications  indicate  the  broad  technological 
importance  of  the  sintering  process. 

1 . 2 General  Features  of  the  Sintering  Process 

When  a system  of  finely  divided  powder  particles  is  exposed 
to  a temperature  close  to,  but  below,  the  melting  point  of  the 
particles,  material  rearrangement  driven  by  the  excess  energy  of 
the  surface  of  the  particles  takes  place.  As  a result,  the  particles 
become  bonded  together  and  a solid  framework  is  produced.  The 
primary  changes  resulting  from  the  material  rearrangement  are 
densif ication  and  a decrease  in  the  surface  area  of  the  void-solid 
interface  of  the  solid  framework. 

An  external  pressure  can  be  applied  either  before  or  during 
exposure  to  elevated  temperature  in  order  to  accelerate  dens  If ica- 
tion, 

Host  materials  will  exhibit  sintering  behavior  under  the 
proper  conditions  of  atmosphere,  temperature  and  applied  pressure, 

1.3  General  Features  of  the  Geometrical  Evolution  of  a Powder 

Aggregate  During  Sintering 

As  a result  of  the  research  presented  in  this  dissertation, 
it  is  now  possible  to  quantitatively  establish  the  path  of  geometrical 
evolution  of  a powder  aggregate  which  occurs  during  the  sintering 
process,  A qualitative  description  of  this  path  of  geometrical 
evolution  will  now  be  presented  so  that  the  parameters  employed  to 
monitor  the  geometric  structure  of  powder  aggregates  undergoing 
sintering  can  be  introduced. 

In  a powder  aggregate  to  which  no  external  pressure  Is  applied 
and  prior  to  exposure  to  the  sintering  conditions,  there  are  points 
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of  contact  between  the  individual  particles.  This  is  shown 
schematically  in  Figure  la  for  three  spherical  particles,  each  of 
which  is  in  contact  with  the  other  taro.  Spherical  particles  of  the 
same  size  are  chosen  here  for  simplicity  of  illustration.  The 
powder  particles  in  an  actual  structure  can  have  a large  distribution 
of  sizes  and  can  be  irregular  in  shape. 

On  exposure  to  the  sintering  temperature  and  atmosphere,  the 
points  of  contact  grow  into  areas  of  contact,  or  necks,  as  shown  in 
Figure  lb.  This  process  is  called  neck  growth  and  characterizes  the 
first  stage  of  sintering.  The  classification  of  the  stages  of 
sintering  proposed  by  Rhines  generally  is  followed  here  [[2"], 

As  necks  in  the  structure  continue  to  grow,  adjacent  necks 
come  into  contact,  as  indicated  in  Figure  lc.  This  results  in  the 
formation  of  throat  or  channel  configurations,  an  example  of  which 
is  shown  in  the  same  figure.  On  further  sintering,  these  channels 
in  the  void  space  begin  to  close  or  pinch  off,  as  shown  in  Figure 
Id,  The  second  stage  of  sintering  is  characterized  by  a decrease 
in  the  connectedness  of  the  void  space  of  the  sinter  structure  which 
is  produced  by  the  closure  of  channels  in  the  void  network. 

As  channel  closure  events  take  place  in  the  structure,  the 
sequence  of  events  illustrated  in  Figure  2 occurs.  Figure  2a  shows 
a portion  of  the  void  space  of  a hypothetical  sinter  structure,  four 
channels  of  which  are  labeled  with  numbers.  In  Figure  2b,  the 
channel  labeled  1 has  closed.  In  Figure  2c,  the  channel  labeled  3 
has  closed,  and  in  Figure  2d,  all  four  channels  have  closed.  This 
isolates  the  portion  of  the  void  space,  labeled  "separate  part"  In 
Figure  2d,  from  the  remainder  of  the  void  space.  This  isolated 


Figure  1,  Illustration  of  neck  formation  and  the 
channel  closure  process. 


Solid 


Figure  2.  Illustration  of  the  formation  of  an  isolated 
separate  part  of  the  void-solid  interface. 
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portion  is  no  longer  connected  by  any  continuous  path,  entirely  within 
the  void  space,  to  any  region  of  the  surrounding  void  space.  The 
isolated  portion  is  completely  enclosed  in  solid  material  and,  as 
in  Figure  2d,  is  referred  to  as  a separate  part. 

When  a sufficient  number  of  channels  have  closed,  the  void 
space  will  consist  entirely  of  separate  parts,  each  of  which  is 
topologically  equivalent  to  a sphere,*  This  condition  characterizes 
the  third  and  final  stage  of  the  sintering  process. 

During  the  first  stage  of  sintering  when  the  areas  of  contact 
between  adjacent  particles  have  been  established,  the  structure 
consists  of  highly  interconnected,  solid  and  void  space  regions. 

The  interconnectedness  is  quantitatively  characterized  by  the 
connectivity,  which  is  defined  as  the  number  of  independent  closed 
paths  that  can  be  formed  within  a constituent  which  cannot  be 
shrunk  continuously  to  a point  without  leaving  the  constituent  [3*}, 
During  second-stage  sintering,  channel  closure  reduces  the 
connectivity  of  the  structure  until,  when  the  third  stage  of  sintering 
is  reached,  the  connectivity  is  zero. 

The  channel  closure  process  manifests  itself  as  a reduction  in 
the  connectivity  of,  and  an  increase  in,  the  number  of  separate  parts 
of  the  void  space  of  the  sinter  structure.  These  changes  account 
for  a large  portion  of  the  total  geometric  change  which  occurs 


*Two  surfaces  arc  said  to  ba  topologically  equivalent  if  they  can  be 
made  to  superimpose  by  continuous  deformation.  According  to  Barrett 
and  Yust  [~6~[,  "A  precise  mathematical  definition  of  the  topological 
equivalence  of  two  sets  is:  a one-to-one  transformation  f (A)  «=•  B of 

A onto  B'  is  called  a homeomorphism  or  topological  mapping  if  f and 
are  continuous.  If  such  a mapping  erists,  then  A and  B are  said 
to  be  hotceomorphic  or  topologically  equivalents 
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during  the  sintering  of  a powder  aggregate.  Thus,  the  connectivity 
and  number  of  separate  parts  are  important  parameters  of  the  geometric 
structure  of  sinter  bodies, 

1.4  Parameters  Employed  to  Monitor  Hicrostructure  of  Powder 

Aggregates  Purine  the  Sintering  Process 

Microstructure  is  most  commonly  characterized  by  metric 
properties  (e,g, , length,  area,  volume)  such  as,  in  the  case  of 
sinter  structures,  volume  fraction  of  porosity,  surface  area  of 
void-solid  interface  per  unit  volume,  total  curvature  of  void-solid 
interface  per  unit  volume  f4~],  etc.  These  properties  can  be 
determined  from  counting  measurements  made  on  single,  representative 
two-dimensional  sections,  coupled  with  probability  arguments  T4*], 

Another  class  of  properties,  the  topological  properties,  can 
also  be  used  to  characterize  microstructure.  The  topological 
properties  are  properties  which  are  invariant  with  respect  to 
continuous  deformation.  This  allows  considerable  simplification 
and  generalization  of  the  geometric  description  of  complex  structures, 
such  as  those  produced  by  sintering  powder  aggregates.  As  a result, 
it  is  possible  to  compare  the  behavior  of  quite  different  systems 
undergoing  the  sintering  process,  such  as  aggregates  of  particles 
of  different  sizes,  shapes  and  materials. 

As  indicated  in  the  preceding  section,  the  connectivity  and 
number  of  isolated  separate  parts  of  the  void  space  are  important 
microstructural  parameters  of  sinter  structures.  These  parameters 
belong  to  the  class  of  topological  properties,  and, as  shown  in  this 
dissertation  and  elsewhere  f 2,  3,  6~1,  they  can  be  used  to  characterize 
the  geometric  structure  of  powder  Aggregates  during  the  sintering 


process 
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1 , 5 Purpose  and  Scope  of  This  Research 

In  order  to  obtain  a relation  between  the  structure  and 
properties  of  a powder  aggregate,  the  geometric  structure  must  be 
quantitatively  established.  It  is  the  purpose  of  the  work  presented 
In  this  dissertation  to  quantitatively  determine  the  geometric 
structural  evolution  of  a powder  aggregate  during  the  sintering 
process. 

The  geometric  changes  which  take  place  during  the  sintering 
of  a powdei'  aggregate  have  been  studied  by  means  of  simple  systems, 
such  as  a spherical  particle  on  a plate  £7*],  two  spherical  particles 
[8^],  bundles  of  wires  [9~l,  etc.  As  a result  of  the  simplicity  of 
the  systems  Involved,  these  investigations  throw  little  light  on  the 
complex  geometric  changes  which  take  place  in  an  actual  sinter  body. 
Therefore,  it  is  necessary  to  consider  either  more  realistic  models 
or  the  actual  sinter  structures.  Measurements  were  made  on  the 
letter  during  the  course  of  this  research. 

The  topological  properties  of  sinter  structures  were  first 
considered  by  Rhines  £2*]  and  later  by  Kronsbein,  et  al,  [5],  Unlike 
the  metric  properties,  the  topological  properties  cannot  be  determined 
from  measurements  made  on  a single  two-dimensional  microsection.  At 
present,  the  topological  properties  can  only  be  determined  from  an 
analysis  which  includes  the  third  dimension  of  the  structure. 

An  experimental  procedure  which  allows  the  determination  of 
the  topological  properties  of  sintered  structures  Is  presented  in 
this  dissertation  and  applied  to  a number  of  copper  sinter  bodies. 

Some  of  the  metric  properties  of  the  structures  considered  during 
the  coarse  of  this  work  were  also  measured.  A description  of  the 


sintering  process  in  terms  of  the  evolution  of  the  topological  and 
metric  properties  is  then  formulated. 
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1 • 6 General  Applicability  of  the  Topological  Approach  for  Studying 
Microstructures 

The  topological  properties  of  the  nicrostructure  of  a variety 
of  materials  are  of  interest.  Some  examples  are;  structures 
produced  by  recrystallization  and  grain  growth  £3,  10,  11,  12l, 
multiply  connected  structures  such  as  vycor  glass  £l3[]  and  sinter 
structures  [2,  3,  5], 

More  specifically,  the  connectivity  is  of  importance  in  most 
of  the  examples  mentioned  above,  DeHoff  £4")  and  Calm  £l4]|  have 
suggested  that  a phase  transformation  in  the  process  of  going  from 
0 to  100  per  cent  of  a product  phase  passes  through  a configuration 
wherein  both  the  parent  and  product  phases  are  continuous  and 
completely  interconnected.  Examples  of  this  type  of  transformation 
are  recrystallization  in  deformed  metal  structures,  crystallization 
of  glasses  and  ordering  transformations. 

It  has  been  suggested  that  in  multi-phase  structures  increased 
connectivity  tends  to  increase  the  stability  of  the  grain  structure 
[3^].  Such  an  effect  could  be  of  importance  in  high-temperature 
applications.  It  has  also  been  stated  that  connectivity  may  be 
closely  associated  with  superplcstic  behavior  of  materials  since 
most,  if  not  all,  two-phase  structures  in  which  it  has  been  observed 
appear  to  be  highly  interconnected  [3l. 
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1 • ? General  Apel icabil itv  of  the  Method  of  Analysis  Presented  in 

This  Dissertation 

The  method  of  analysis  presented  in  this  dissertation  can  be 
used  to  determine  the  connectivity  and  number  of  separate  parts  for 
any  structure  for  which  suitable  serial  sections  are  available. 
Serial  sections  are  closely  spaced,  parallel  microsections  through 
the  structure  of  interest. 

The  analysis  can  be  applied  to  structures  consisting  of  more 
than  two  kinds  of  constituents  where  a constituent  is  defined  as  a 
physically  indent  if iable  feature  of  the  structure.  Some  examples, 
according  to  Steele  f" 3~|,  are  grains  in  polycrystalline  aggregates, 
solid  and  void-space  regions  in  sinter  bodies,  eutectic  or  eutectoid 
regions  in  multi-phase  alloys  (e.g,,  pearlite  colonies  in  mild 
steel),  connected  phase  regions  in  multi-phase  structures,  anti- 
phase domains  in  ordered  alloys  and  ferromagnetic  domains.  In  a 
structure  consisting  of  more  than  two  constituents,  the  topological 
properties  can  be  determined  by  applying  the  analysis  to  each 
individual  constituent  separately.  This  is  considered  further  at 
the  end  of  Section  4,9, 


CHAPTER  II 


NETWORK  TOPOLOGY  APPLIED  TO  SINTER  STRUCTURES 
2.1  Introduction 

The  procedure,  presented  in  Chapter  IV,  which  allows  the 
determination  of  the  topological  properties  of  sintered  structures, 
is  based  in  principle  on  the  construction  of  a network,  or  linear 
graph,  which  contains  the  same  values  of  connectivity  and  number  of 
isolated  separate  parts  as  the  structure  from  which  it  is  obtained. 

Some  of  the  properties  of  networks  are  presented  in  the  next 
section.  The  construction  of  networks  from  sinter  structures  is 
then  considered  in  the  following  sections. 


2 , 2 Properties  of  Networks 


A number  of  properties  of  node-branch  networks  which  are 
important  in  the  characterization  of  sinter  structures  according  to 
their  topological  properties  are  presented  in  this  section. 
According  to  Barrett  and  Yust  [6]? 

An  a line  segment  or  a curved  or  elastically  distorted 

form  of  a line  segment? 

A linear  graph  or  network,  designated  as  N,  is  a finite 
set  of  points  together  with  a finite  set  of  arcs.  The 
points  are  called  the  vertices  of  N;  the  arcs  are  called  the 
edges  of  N.  Each  edge  of  a linear  graph  has  a vertex  at 
each  end?  each  vertex  is  the  end  point  of  at  least  one  edge; 
and  any  two  edges  are  distinct  except  that  they  may  have  one 
or  two  ends  in  common  with  other  edges. 
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Graphs  can  be  thought  of  as  lying  in  the  plane  or  in  three- 
dimensional  space. 

A path  of  the  network  N is  a finite  sequence  of  vortices. 

Pi,  and  edgos,  Cj,  where  e^  has  vertices  Pj  and  Pi^i  for 
end  points  [l.e.,  the  path  is  (pj,  cj,  P2,  e2,  . . .P*»  ej, 

Pi^l»  . • •en-l»  Pn^l*  If  Pi  " pn»  thG  path  ls  closed* 

Note  that  a single  vertex  or  edge  may  occur  more  than  once 

in  the  sequence, 

A graph  is  connected  if  there  exists  at  least  one  path  between 
each  two  vertices, 

A circuit  is  a simple  closed  path  in  a graph  with  all  the 
vertices  (hence,  all  the  edges)  distinct  (i.e,,  they  appear 
only  once)  except  that  p^  » p . 

A graph  that  Is  connected  and  in  which  there  are  no  circuits 
Is  called  a tree. 

Consider  a network,  N,  having  ,£q  vertices  and  oC^  edges.  If 
N is  connected,  then  the  number 

/*  ” efj  -c£o  + 1 (1) 

is  called  t'iie  cvclomatic  number ; also  the  first  Betti  number 
of  N.  The  following  theorem  follows  directly,  by  an  inductive 
argument  onX}»  from  the  foregoing  definitions.  The  statement 
here  is  that  of  Calms  [l5j;  see  also  Arnold  £l6^J, 

Theorem  JL  - A connected  graph  G is  a tree  if  and  only  if 
M « 0,  If  fl  £ 0,  then  it  is  possible  to  reduce  G to  a tree 
by  the  removal  of  fX  suitably  selected  inner  edges.  This 
cannot  be  done  by  the  removal  of  fewer  than  fJ-  edges,  and  G 
is  necessarily  disconnected  by  the  removal  of  /n  + 1 edges. 

A network  satisfies  the  Euler-Polncare  equation  £3^] 

^0  *^1  “ p0  " P1  (2) 

where  Pq  and  pj  are  the  zeroth  and  first  Eetti  numbers  (pj  rather 

than  /J.  is  used  for  the  first  Betti  number  in  this  dissertation), 
respectively.  The  zeroth  Betti  number  is  the  number  of  separate  or 
disconnected  parts  or  components  of  the  network,  and  the  first  Betti 
number  is  the  cyclomatic  number  or  the  connectivity  of  the  network. 
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2 . 3 Characterization  of  Sinter  Structures  According  to  Their 
Topoloeical  Properties 

According  to  Kronsbein,  et  al.,  [5l,  a sinter  body  may  ba 
considered  to  consist  of  the  three-dimensional  void  and  material, 
or  solid,  spaces,  and  the  two-dimensional  void-solid  interface. 

The  exterior  of  the  sinter  body  is  taken  as  part  of  the  void  space. 

Consider  the  surface,  the  void-solid  interface,  which  separates 
the  void  and  material  spaces,  A topological  property  of  such  a 
surface  is  the  genus,  or  handle  number,  which  is  the  number  of  closed, 
non-self -intersecting  cuts  which  can  be  made  on  the  surface  without 
separating  it  into  two  parts  [3],  A cut  is  a separation  of  the 
surface  along  a simple  curve. 

The  connectivity  of  either  the  void  or  material  space  is 
defined  as  the  number  of  independent,  closed  paths,  or  circuits, 
which  cannot  be  shrunk  continuously  to  a point  within  the  space 
£3^],  Independent  paths  are  paths  which  cannot  be  deformed  so  that 
they  superimpose  without  leaving  the  space.  The  connectivity  of 
the  void  or  material  space  is  equal  to  the  genus  of  the  bounding 
surface  of  the  space.  This  is  apparent  as  only  paths  which  encircle 
handles  of  the  bounding  surface  cannot  be  shrunk  continuously  to  a 
point  within  the  void  or  material  space  [3*],  Since  the  same  surface 
bounds  both  the  void  and  material  spaces,  the  connectivity  of  these 
spaces  is  the  same  £51.  Therefore,  the  terra  connectivity  will  be 
used  with  reference  to  a given  sinter  structure,  and  void,  or 
material  space,  will  not  be  designated  unless  one  or  the  other  is 
specifically  under  consideration. 

The  equivalence  of  the  connectivity  of  the  void  and  material 
spaces  is  indicated  by  the  Alexander  Duality  Theorem,  According  to 
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Barrett  and  Yust  [6j, 

P^X)  - P^E3  - X)  (3) 

3 

where  E denotes  three-dimensional  space,  X denotes  a subset  of 
3 

space  and  E - X denotes  the  complement  of  X. 

This  relationship  indicates  that  the  first  Betti  number  of 
the  void  and  material  spaces  of  a sinter  structure  are  equal  since 
the  material  and  void  spaces  are  complementary  spaces. 

2 . 4 Construction  of  a Linear  Graph  Associated  with  a Sinter  Structure 

Consider  the  solid  shown  in  Figure  3 and  the  network  represented 
by  the  dotted  lino  placed  inside  the  solid.  According  to  Barrett 
and  Yust,  "The  solid  can  be  shrunk  through  itself  onto  the  network, 
without  closing  any  openings  or  creating  new  openings."  A network 
obtained  in  this  way  is  called  the  deformation  retract  of  the  solid. 

As  stated  by  Barrett  and  Yust  f6^|j 

If  (the  set)  A is  a deformation  retract  of  (the  set)  X, 

then  the  Betti  numbers  of  A are  equal  to  the  Betti  numbers 

of  X. 

The  deformation  retracts  associated  with  the  void-solid 
interface  of  sinter  structures  at  various  stages  of  the  sintering 
process  will  now  be  considered.  The  network  model  of  a sinter  body 
was  originally  proposed  by  Rhlnes  [21  arid  extended  by  Kronsbein, 
et  iii*  [5].  The  concept  of  the  deformation  retract  was  first  applied 
to  sinter  structures  by  Kronsbein,  et  al.  [51,  although  the  term 
deformation  retract  was  introduced  into  the  metallurgical  literature 
by  Barrett  and  Yust  f 6l, 

At  low  density,  when  the  individual  particles  are  still 
distinguishable,  the  deformation  retract  can  be  developed  as 
follows.  Each  particle  is  continuously  shrunk  to  a point,  or  node. 
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Figure  3.  Illustration  of  the  deformation  retract  (dotted 
line)  of  a solid. 
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and  each  contact  between  particles  is  simultaneously  stretched 
axially  and  shrunk  radially  until  it  becomes  a simple  curve.  The 
end  points  of  each  curve  lie  on  the  nodes  representing  the  particles 
originally  in  contact.  The  connectivity,  p^,  of  a network  so 
developed  is  equal  to  the  genus,  G,  of  the  void-solid  interface 
according  to  the  preceding  section  and  the  statement  by  Barrett 
and  Yust  on  page  14,  In  the  range  of  density  where  this  treatment 
can  be  applied,  the  solid  and  void  each  form  a single,  connected 
space.  It  is  assumed  that  the  solid  space  remains  connected 
during  sintering,  as  is  experimentally  observed.  Thus,  there  is 
only  one  separate  part,  the  solid  or  void  space  itself.  Hence, 
the  number  of  separate  parts,  pq,  is  one  and  equation  (1) 
becomes 

G " «ti  " cto  + 1 (*) 

where  is  the  number  of  branches  (number  of  contacts  or  necks 
between  particles,  C)  and  q is  the  number  of  nodes  (number  of 
particles,  P)  in  the  network. 

If  the  void  rather  than  the  solid  space  is  considered,  a 
deformation  retract  can  again  be  constructed.  This  can  be  done  in 
principle  by  superimposing  a node-branch  network  in  the  void  space 
in  such  a way  that  the  network  consists  only  of  all  linearly 
independent  closed  paths,  or  circuits,  which  cannot  be  shrunk  t:o  a 
point  entirely  within  the  void  space.  Thus,  according  to  the 
definition  on  page  13,  such  a network  has  a value  of  connectivity 
equal  to  that  of  the  void  space,  A network  constructed  in  this 
manner  is  not  unique,  as  in  the  case  of  the  deformation  retract  of 
the  solid  space  at  low  density.  This  is  because  the  geometry  of  the 
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void  space  is  not  such  that  nodes  and  branches  can  be  uniquely 
defined.  This  non-uniqueness  will  now  be  considered  in  detail. 

The  number  of  nodes  and  branches  in  a given  network  can  be 
increased  or  decreased  without  changing  the  connectivity  of  the 
network  as  long  as  no  new  loops  or  separate  parts  are  created  in  the 
network.  For  example,  consider  the  four -node,  six-branch  network 
of  connectivity  three  shown  in  Figure  4a,  In  Figure  4b,  six  nodes 
and  six  branches  are  added  without  creating  new  loops  or  separate 
parts  in  the  network.  The  connectivity  of  the  network  is  still 
three.  The  superfluous  nodes  are  called  dummy  nodes.  Dummy  nodes 
are  defined  as  nodes  which  have  only  one  or  two  branches  incident 
upon  them. 

Now  consider  the  hypothetical  toroidal  configuration  of  a 
portion  of  the  void  space  of  a sinter  structure  shown  in  Figure  5a. 
This  configuration  has  a genus  of  one  according  to  the  definition  of 
genus  given  on  page  13.  Two  possible  configurations  of  the  deforma- 
tion retract  are  shown  in  Figures  5b  and  5c.  According  to  equation 
(1),  the  connectivity  of  both  networks  is  one.  An  infinite  number 
of  node-branch  networks  could  be  superimposed  in  the  void  configura- 
tion of  Figure  5a,  all  having  the  same  value  of  connectivity.  This 
is  true  for  the  deformation  retracts  of  the  void  spaces  of  all 
sinter  structures.  From  this  example  and  from  equation  (1)  it  can 
be  seen  that  as  long  as  the  quantity  e£ j - Jq  remains  invariant  (and 
the  number  of  separate  parts,  pq,  remains  unchanged),  then  the 
connectivity  is  invariant.  Thus,  it  can  be  stated  that  the  genus 
of  a sinter  body  is  equal  to  the  connectivity  of  any  of  its 
deformation  retracts.  It  is  this  property  which  is  fundamental  to 
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Figure  4.  Illustration  of  the  effect  of  dummy  nodes  on 
the  connectivity  of  a node-branch  network. 
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Figure  5,  Illustration  of  the  superposition  of  a node- 
branch network  in  a portion  of  the  void  space 
of  a sinter  structure. 
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the  determination  of  the  genus  of  a sinter  structure  from  considera- 
tion of  the  void  space. 

The  retraction  of  the  solid,  or  material,  space  onto  a network 
cannot  be  performed  after  Isolated  parts  of  the  void  space,  which 
are  topologically  equivalent  to  a sphere,  begin  to  form.  This  is 
because  the  surface  of  such  a separate  part  cannot  be  retracted  onto 
a linear  network  through  the  solid  space.  When  such  separate  parts 
are  present,  the  network  representation  can  be  maintained  by 
retraction  through  the  void  space.  In  this  case,  separate  parts 
which  are  topologically  equivalent  to  a sphere  form  vertices. 

Such  vertices  violate  the  definition  of  a network  given  by 
Barrett  and  Yust  ^6"]  as  they  have  no  edge  incident  upon  them.  They 
are,  however,  considered  as  part  of  the  network  during  the  course 
of  this  work. 

The  retraction  of  the  void-solid  interface  through  the  void 
space  of  a sinter  structure,  therefore,  results  in  a network,  the 
connectivity  and  number  of  separate  parts  of  which  are  equal  to  the 
genus  and  number  of  separate  parts  of  the  void-solid  interface. 

This  statement  applies  to  structures  of  any  density. 


CHAPTER  III 


EXPERIMENTAL  PROCEDURE 
3 . 1 Sample  Preparation 

Three  different  copper  powders  were  used  in  this  study,  two 
different  spherical  size  fractions,  -120  +140  mesh  (-125  +105 
microns)  and  -270  +325  mesh  (-52  +44  microns)  and  one  size  fraction 
of  electrolytic  powder,  -270  +325  mesh.  The  numbers  used  to 
designate  a given  powder  size  correspond  either  to  the  number  of 
screen  openings  per  inch  or  to  the  average  size  of  the  screen 
openings.  Minus  (-)  and  plus  (+)  signs  indicate  that  the  particles 
will  and  will  not  pass  through  the  corresponding  screens,  respectively. 
The  spherical  copper  powder  used  for  this  work  is  a product  of  Linde 
Company,  Inc,  It  was  produced  by  atomization  of  liquid  copper  in  an 
inert  gas  atmosphere.  Copper  oxide  contained  in  the  particles  was 
negligible.  This  allowed  sintering  to  be  carried  out  in  a dry 
hydrogen  atmosphere  without  any  significant  production  of  gas 
pores  internal  to  the  particles.  The  electrolytic  copper  powder 
was  produced  by  Malone  Metal  Powders  Company,  Inc,  and  is  called 
Fernlock  Copper,  The  electrolytic  powder  particles  have  the  shape 
shown  in  the  photomicrograph  of  Figure  6, 

Both  the  spherical  and  the  electrolytic  powders  were  separated 
into  size  classes  by  standard  ASTM  sieve  separation  procedures,  A 
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Figure  6.  Unsintered  43  micron  electrolytic 
copper  powder  particles  (100  X). 
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standard  Ro-Tap  mechanical  separator  was  used  to  prepare  the  powder 
size  fractions  for  this  work. 

All  powders  were  sintered  in  the  uncompacted  state  at  1005° 

+5°C  under  a flowing  dry  hydrogen  atmosphere.  Samples  covering  the 
full  range  of  density  attainable  under  these  conditions  were  prepared 
for  all  three  powders.  These  samples  were  then  used  for  the  determina- 
tion of  the  topological  and  metric  properties  of  the  sinter  structures 
over  the  full  range  of  density. 

3 . 2 Determination  of  Sample  Densities 

The  densities  of  all  sinter  structures  were  determined  by  a 
liquid  displacement  method.  A sample  is  weighed  and  then  immersed 
in  liquid  paraffin  in  order  to  seal  surface  pores.  It  is  then 
weighed  in  air  and  in  water,  the  difference  in  these  two  weights 
being  the  weight  of  water  displaced  by  the  sealed  sample.  From 
this  weight  and  the  density  of  water,  the  volume  of  the  sample  can 
be  determined.  The  initial  weight  divided  by  this  volume  is  the 
density  of  the  sinter  structure, 

3 . 3 Determination  of  the  Number  of  Particles  per  Gram  for  the 

Unsintcred  Powders 

In  order  to  obtain  an  estimate  of  the  number  of  particles  per 
gram  for  the  -270  +325  mesh  electrolytic  powder,  it  was  necessary 
to  determine  the  average  volume  of  these  irregularly  shaped  particles. 
This  was  done  in  the  following  way.  An  alumina  boat  was  partially 
filled  with  alumina  powder.  Particles  of  the  electrolytic  copper 
powder  were  then  thinly  spread  over  the  surface  of  the  alumina 
powder.  The  boat  was  placed  in  a furnace  under  flowing  dry  hydrogen 
at  a temperature  slightly  greater  than  1083°C,  the  melting  point  of 
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copper.  The  irregularly  shaped  electrolytic  particles  melted  and 
were  spheroidized  by  the  surface  tension  of  the  liquid  copper.  The 
particles  remained  spherical  on  solidification.  The  average  diameter 
of  the  spheroidized  particles  was  measured  and  the  average  volume 
per  particle  calculated.  The  number  of  particles  per  gram  was 
determined  from  the  average  volume  per  particle  and  the  theoretical 
density  of  copper. 

The  volume  per  particle  of  the  spherical  powders  used  in  this 
work  was  calculated  from  the  average  particle  diameter.  The  average 
number  of  particles  per  gram  was  determined  from  the  average  volume 
per  particle  and  the  unsintered  density  of  the  powder. 

3 . 4 The  Serial  Sectioning  Technique 

As  mentioned  previously,  it  is  necessary  to  consider  the  three- 
dimensional  structure  of  a sinter  body  in  order  to  determine  the 
topological  properties,  genus  and  number  of  separate  parts.  The 
three-dimensional  structure  can  be  observed  by  means  of  a set  of 
closely  spaced  microsections  through  the  structure  referred  to  as 
serial  sections.  The  spacing  of  the  serial  sections  must  be  small 
enough  so  that  the  property  of  the  structure  being  monitored  can  be 
determined  without  loss  of  important  detail  between  sections. 

During  the  course  of  this  work,  it  was  found  that  ten  to  fifteen 
serial  sections  in  a distance  equal  to  the  diameter  of  the  smallest 
particles  in  the  structure  are  adequate  for  the  determination  of  the 
topological  properties  of  a sinter  body,  Th9  most  desirable  spacing 
depends  on  a number  of  factors:  the  material  under  consideration,  the 
parameter  being  monitored  and  the  desired  accuracy  of  the  results. 
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The  average  spacing  employed  for  the  -120  +140  mesh  spherical 
powder  was  8,5  microns,  or  13  to  14  sections  per  particle.  For  the 
-270  +325  mesh  spherical  powder,  an  average  spacing  of  4.31  microns 
was  used,  or  11  to  12  sections  per  particle.  It  was  necessary  to 
use  more  closely  spaced  sections  for  the  -270  +325  mesh  electrolytic 
powder  because  of  the  irregular  particle  shape.  The  average  spacing 
used  in  this  case  was  1.58  microns,  or  about  one-third  that  used  for 
the  same  size  fraction  of  spherical  powder. 

The  serial  sectioning  technique  can  be  employed  to  measure  the 
volume  density  of  a variety  of  properties.  It  has  been  used  by 
Steele  [3l  in  an  analysis  of  the  topological  properties  of  grain 
structures,  by  Craig  £17")  to  estimate  changes  in  the  density  of 
quadruple  point  configurations  during  grain  growth,  by  Buteau  f 18") 
to  measure  connectivity  in  sintered  structures  and  by  Kraft,  _et  al. 
fl9")  to  study  faults  in  a lamellar  eutectic  structure.  Serial 
sectioning  has  also  been  used  in  the  life  sciences  to  study  complex 
three-dimensional  shapes. 

Properties  which  might  be  measured  by  the  serial  sectioning 
technique  are,  according  to  Steele  r3~) : 

1.  Number  of  identifiable  structural  features  per  unit 
volume  (e.g.,  grains,  faces,  triple  lines,  inclusions, 
twins,  phase  regions,  voids,  eutectic  faults,  etc.). 

2.  Three-dimensional  size  and  shape  (e.g.,  size  distribution, 
configurational  distributions  for  grains  and  faces,  shape 
parameters  such  as  used  by  DeHoff  :r20 J for  elliptical 
particles,  etc.), 

3.  Spatial  distribution  (e.g.,  association  of  grain  boundaries 
and  recrystallization  £211,  relationship  of  voids  and  grain 
boundaries  in  sinter  bodies  ! 22"),  spatial  distribution  of 
the  product  phases  resulting  from  phase  transformations  r23"|, 
etc.)  . 
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4.  Topological  properties  (e.g.,  connectivity,  Gaussian 
curvature,*  number  of  separate  parts,  etc.). 

3 . 5 Methods  Used  to  Obtain  Serial  Sections 

The  serial  sections  used  to  obtain  the  data  presented  in  this 
dissertation  were  prepared  either  by  means  of  an  ultra-microtome  or 
by  standard  metallographic  polishing  techniques. 

A Jung  microtome,  capable  of  cutting  layers  approximately  one 
micron  thick  from  a metal  sample,  was  equipped  with  a microscope  so 
that  photomicrographs  could  be  made  without  removing  the  sample  from 
the  microtome.  The  microtome  and  microscope  attachment  is  shown  in 
Figure  7,  This  Insured  that  the  surfaces  produced  remained  parallel 
as  the  sample  was  sectioned.  The  fully  annealed  copper  sinter  bodies 
analyzed  during  the  course  of  this  work,  when  cut  with  the  microtome, 
produced  badly  smeared  surfaces.  In  order  to  prevent  this  smearing, 
the  low  density  samples,  having  a void  space  network  open  to  the 
surface  of  the  sample  and  internally  connected,  were  immersed  in 
molten  50-50  Pb-Sn  solder  in  order  to  fill  the  void  space  network. 

The  solder  was  held  at  about  450  C,  and  the  samples  were  immersed 
for  about  one  minute.  This  was  sufficient  to  infiltrate  a layer  a 
few  mm  thick  adjacent  to  the  externa!  surface  of  the  samples.  The 
samples,  after  this  process,  did  not  smear  on  cutting  with  the  micro- 
tome and  appeared  to  be  brittle  rather  than  soft  during  cutting. 

This  behavior  is  probably  a result  of  the  formation  of  a brittle 


*The  local  value  of  the  Gaussian  curvature  is 

K ; — — 
r r 
1 2 

where  r^  and  r^  are  the  principal  local  radii  of  curvature. 
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Figure  7.  Jung  ultra-microtome  used  to  obtain 
serial  sections. 
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phase  or  phases  at  the  solder-copper  interface.  Photomicrographs  of 
the  cut  surface  produced  by  this  technique  are  shown  in  Figures  36  to 
38,  Photomicrographs  could  be  taken  at  any  multiple  of  the  one- 
micron  cut  made  by  the  microtome.  Five  to  ten  cuts  were  taken  between 
all  sections  obtained  by  means  of  the  microtome. 

Since  the  distance  between  sections  must  be  accurately  known 
in  order  to  determine  the  genus  from  the  serial  sections,  a block 
of  dental  cold-mount  was  placed  in  the  microtome  and  cut  200  times 
at  the  one-mlcron-per-cut  setting.  The  thickness  removed  was  then 
- measured  with  a micrometer.  This  thickness  divided  by  200  gave  the 
average  thickness  per  cut  of  the  microtome  as  0,85  micron. 

High-density  samples,  for  which  the  internal  void  space  is 
sealed  off  at  the  surface  cf  the  sample,  could  not  be  infiltrated 
with  solder,  and  therefore  could  not  be  sectioned  with  the  micro- 
tome, These  samples  were  sectioned  by  polishing  with  a standard 
metallographic  technique.  Since  it  is  necessary  to  section  the 
high-density  samples  in  this  way,  it  is  convenient  to  mount  both 
high-and  low-density  samples  together  in  the  same  bakelite  mount  and 
polish  all  simultaneously.  Thus,  when  high-density  samples  must  be 
sectioned,  it  is  not  necessary  to  use  the  microtome  for  sectioning 
any  samples.  This,  of  course,  assumes  that  samples  covering  a range 
of  density  are  being  analyzed,  as  was  the  case  fcr  the  work  presented 
here.  If  only  low-density  sinter  structures  are  to  be  sectioned, 
then  the  microtome  can  be  used.  It  should  also  be  noted  that  the 
microtome  can  be  employed  to  section  fully  dense  materials  where 
smearing  over  of  the  void  region  is  not  a problem  f3,  17"|. 
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Figure  8 shows  one  bakelite  mount  containing  seven  samples  of 
sintered  copper  powder  which  were  all  sectioned  by  metallographic 
polishing  at  the  same  time.  The  thickness  of  each  sample,  from  the 
sample  surface  to  the  back  of  the  bakelite  mount,  was  measured  with 
a micrometer.  The  differences  in  thickness,  before  and  after  each 
section,  give  the  thickness  of  material  between  sections.  These 
differences  in  thickness  were  determined  to  +0.00002  inch.  Mote  that 
the  total  thickness  of  the  bakelite  mount  could  not  be  determined  to 
greater  than  +0.0005  inch  accuracy.  Only  differences  in  thickness 
could  be  determined  to  +0.00002  inch. 

The  metallographic  polishing  procedure  employed  consisted  of 
polishing  with  600-grit  silicon  carbide  powder  on  a Buehler  Microcloth 
until  the  desired  amount  of  material  was  removed.  The  surface 
produced  by  this  polishing  process  was  sufficient  for  the  determina- 
tion of  the  topological  properties.  Rounding,  of  the  samples  and 
bakelite  mount  during  the  repeated  polishing  steps  was  reduced  by 
placing  a copper  ring  around  the  samples  near  the  edge  of  the  bake- 
lite mount,  as  shown  in  Figure  8.  This  ring  also  served  as  a means 
by  which  pitting  during  the  polishing  process  could  be  detected. 

The  solid-copper  ring  was  periodically  checked  for  pitting  during 
the  polishing  step  as  pores  and  pits  could  not  be  distinguished  on 
the  copper  sinter  bodies.  In  this  way  the  polishing  variables  could 
be  controlled  so  that  pitting  did  not  occur. 

Low-density  sinter  structures  (less  than  about  one-half 
theoretical  density)  undergo  rounding  on  a microscopic  scale  to  an 
unacceptable  extent  during  the  polishing  process.  To  prevent  this, 
all  samples  having  an  interior  void  space  connected  to  their  surfaces 
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Figure  8, 


Bakelite  mount  containing  seven  samples  which 
were  simultaneously  sectioned  by  metallographlc 
polishing. 
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were  infiltrated  with  a hard  epoxy  resin.  This  was  done  by  placing 
the  sinter  body  under  the  liquid  epoxy  in  a vacuum  system  attached 
to  a mechanical  vacuum  pump,  evacuating  the  system  and  then  opening 
the  system  to  the  atmosphere.  This  procedure  forces  epoxy  into  the 
void  space  of  the  structure.  As  a result,  rounding  on  a microscopic- 
scale  is  reduced  to  a level  such  that  the  topological  measurements 
can  be  made  with  a high  degree  of  certainty.  The  samples  shown  in 
Figures  47  to  53  were  infiltrated  with  epoxy  and  successfully  serial 
sectioned  using  this  technique.  The  lowest  density  material,  shown 
in  Figure  47,  has  a volume  fraction  of  porosity  of  0.R55, 

As  a result  of  the  microscopic  surface  rounding,  point  counts 
(to  determine  pore  volume  fraction)  and  tangent  counts  (to  determine 
total  and  average  mean  surface  curvature)  were  not  made  on  surfaces 
which  were  used  for  the  topological  measurements.  New  surfaces  were 
prepared  for  this  purpose  which  had  an  acceptably  small  degree  of 
rounding. 


CHAPTER  IV 


DETERMINATION  OF  THE  GENUS  AND  NUMBER  OF 
SEPARATE  PARTS  FROM  SERIAL  SECTIONS 

4 . 1 Introduction 

Several  methods  of  analysis  which  can  be  applied  to  sinter 
structures  in  order  to  determine  the  genus  and  number  of  separate 
parts  are  presented  in  this  chapter.  The  methods  of  analysis  are 
presented  in  the  order  in  which  they  were  employed  during  the  course 
of  this  work.  As  the  work  progressed,  improvements  were  made  in  the 
procedure  so  that  it  became  more  efficient  and  consequently  less  time 
consuming.  The  most  general  and  least  time-consuming  method  of 
analysis  is  presented  in  Section  4,9;  the  reader  not  interested  in 
the  chronological  development  of  the  procedure  is  referred  to  this 
section. 

The  procedure  presented  by  Kronsbein,  et  a_l.  T 5~|  (Section  4,3) 
was  used  first.  This  method  was  then  modified  during  the  course  of 
this  work  to  obtain  Method  II  (Section  4,5),  a less  time-consuming 
method  of  analysis.  Method  II  was  then  modified  further  to  obtain 
a still  more  efficient  procedure,  Method  III  (Section  4.8), 

The  method  of  Kronsbein,  et  al_.  r_  5~1  and  Method  II  can  only  be 
applied  to  structures  which  do  not  possess  double  multiple  connectivity 
on  a given  microsection.  Double  multiple  connectivity  on  a given 


32 


33 


microsection  is  manifested  by  loops  in  both  the  solid  and  void 
space  which  cannot  be  shrunk  to  a point  without  crossing  the  void- 
solid  interface,  as  indicated  by  the  dotted  lines  in  Figure  9a, 
Actual  sinter  structures  possessing  double  multiple  connectivity  are 
shown  in  Figures  49,  50  and  51, 

Figure  9b  shows  a schematic  microsection  which  possesses 
single  multiple  connectivity.  The  shaded  space  is  simply  connected 
and  the  unshaded  space  is  multiply  connected.  The  sinter  structures 
shown  in  Figures  46  and  53  have  single  multiple  connectivity  on  a 
given  microsection.  The  solid  space  of  the  microsection  shown  in 
these  figures  is  multiply  connected  and  the  void  space  is  not.  It 
is  also  possible  for  the  void  space  of  a microssction  to  be  multiply 
connected  and  for  the  solid  space  to  be  simply  connected.  Such  a 
structure  is  show  in  Figure  47. 

Both  of  these  structures  can  be  analyzed  by  either  of  the  two 
methods  of  analysis  wThich  can  be  applied  only  to  structures  without 
double  multiple  connectivity  on  a given  microsection.  These  two 
methods  of  analysis  can  only  be  applied  to  the  space  which  is 
simply  connected  on  a given  microsection;  e.g.,  the  void  space  of 
Figure  46  or  the  solid  space  of  Figure  47, 

Only  Method  III  can  be  employed  to  analyze  a space  which  is 
multiply  connected  on  a given  microsection.  As  a result.  Method  III 
can  be  used  to  analyze  either  space  of  any  sinter  structure, 

^ ^ Determination  of  the  Genus  of  Sinter  Structures  by  Counting 
Contacts  per  Particle 

Consider  a sinter  structure  during  the  first  stage  of  sintering 
when  contacts  between  the  individual  particles  are  distinguishable. 


Figure  9,  Schematic  serial  sections  illustrating  (a) 
double  multiple  connectivity  on  a section 
and  (b)  single  multiple  connectivity  (shaded 
phase) . 
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In  this  case,  as  pointed  out  in  Chapter  II,  the  particles,  P,  represent 
nodes,  and  the  contacts  between  particles,  C,  represent  branches  in 
the  deformation  retract.  The  genus  is  given  by  equation  (4),  as  there 
is  only  one  separate  part,  the  sinter  body  itself.  The  one  can  be 
neglected  as  the  quantity  C - P >>  1.  If  unit  volume  of  the  sinter 
structure  is  considered,  equation  (5)  is  obtained. 


Gy  ■=>  Cy  “ Py  (5) 

where  Gy,  Cv  and  Pv  are  the  genus  per  unit  volume,  number  of  contacts 
per  unit  volume  and  number  of  particles  per  unit  volume,  respectively,* 
Multiplying  equation  (5)  on  the  right  side  by  Pv/Pv  yields 


Cy 

Gv  - Pv<pT  - 1) 

rv 

When  both  sides  of  this  equation  are  divided  by  p , 
the  material  under  consideration,  an  expression  for 
unit  mass,  Gp  , is  obtained. 


(6) 

the  density  of 
the  genus  per 


af  ' p/>  <'7-  - » W) 

where  P p is  the  number  of  particles  per  unit  mass.  The  value  of 
Pp  for  a single  size  fraction  of  spherical  particles  is  given  by 

■ Ct(5>  P th]  1 (8) 


where  D is  the  average  diameter  of  the  particles  and  ^ is  the 
theoretical  density  of  the  material  under  consideration.  The  number 


*The  topological  properties  are  considered  on  a unit  volume  or  a 
unit  mass  basis  throughout  the  course  of  this  work  so  that  the 
topological  properties  of  different  structures  can  be  compared. 
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of  contacts  per  particle,  Cp  /F^  , is  equal  to  the  average  number  of 
branches  per  node  in  the  network,  b/n. 

When  individual  particles  are  distinguishable  and  before 
channel  closure  begins,  b/n  can  be  determined  from  the  serial 
sections  through  the  sinter  body  by  counting  the  number  of  contacts 
per  particle. 

Particles  are  counted  until  the  resulting  value  of  b/n  is 
within  the- 95  per  cent  confidence  limits  for  5 per  cent  error, 
according  to  the  Central  Limit  Theorem  of  statistical  analysis 
[241.  The  particles  counted  are  chosen  at  random  throughout  the 
volume  of  the  sinter  structure  represented  in  the  serial  sections. 
This  is  done  in  order  to  ensure  that  the  value  obtained  for  b/n 
is  representative  of  the  bulk  sinter  structure  and  is  not  influenced 
by  local  inhomogen icties  in  the  particle  stacking. 

If  the  number  of  particles  per  unit  mass,  Vp  , is  also  known, 
Gp  can  be  calculated  using  the  equation 

Gp  " ?p  <“  " D (9) 

where  b/n  is  the  average  number  of  contacts  per  particle  (branches 
per  node). 

If  Vp  cannot  be  determined,  either  because  the  particles 
are  irregular  in  shape  or  because  the  particles  are  not  uniform  in 
size,  then  the  genus  cannot  be  determined  by  the  preceding  method. 

In  this  case  a method,  presented  in  the  latter  part  of  this  chapter, 
can  be  used  (see  Section  4.9), 
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4 . 3 Determination  of  the  Genus  of  Sinter  Structures  After 

Kronsbein,  et  al, 

Kronsbein,  £t  _al,  P 5~}  developed  a method  which  allows  the 
determination  of  the  genus  of  sintered  structures  having  no  multiple 
connectivity  of  the  void  space  on  a given  microsection.  The  method 
is  based  on  the  construction  of  a network  with  the  same  topological 
properties  as  the  deformation  retract  of  the  void  space  of  that 
portion  of  the  sinter  structure  that  is  analyzed.  The  method  of 
Kronsbein,  et  al,  can  also  be  applied  to  the  material  space  of  a 
sinter  structure  when  this  space  is  simply  connected  on  a given 
microsection.  The  void  space  is  considered  throughout  the  remainder 
of  this  section  for  the  sake  of  illustration. 

The  method  of  Kronsbein,  .et  al..  yields  the  maximum  limit  of 
the  genus  per  unit  volume,  Gy3X,  and  not  the  actual  value  of  genus 
per  unit  volume.  The  actual  value  of  genus  per  unit  volume  could  be 
determined  if  a sample  of  infinite  extent  could  be  analyzed  so  that 
branches  crossing  the  surface  of  the  sample  would  have  essentially 
negligible  effect  on  the  value  obtained.  Since  only  a small  sample 
can  actually  be  analyzed,  the  contribution  of  branches  crossing  the 
surface  of  the  sample  can  be  significant,  and  therefore  must  be  taken 
into  account.  This  can  be  done  by  experimentally  determining  a 
maximum  and  a minimum  limit  for  the  genus  per  unit  volume,  A 
procedure  which  allows  the  determination  of  the  minimum  limit  is 
presented  in  Section  4.5. 

That  the  procedure  of  Kronsbein,  et  al,,  presented  in  this 
section,  yields  the  maximum  limit  of  genus  per  unit  volume,  can  be 


seen  from  the  following 
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Consider  the  void  space  configuration  illustrated  in  Figure 
10a.  The  deformation  retract  is  shown  by  the  dotted  line.  If  the 
sample  which  is  analyzed  has  the  boundaries  shown  in  Figure  10a, 
then  three  branches  cross  the  sample  surface.  These  branches  are 
labeled  with  numbers  in  Figure  10b,  which  again  shows  the  deforma- 
tion retract.  The  branch  labeled  1 does  not  contribute  to  the  genus 
of  the  void  space,  vitiile  the  branches  labeled  2 and  3 do  contribute. 

Kronsbein,  et  _al,  assume  that  all  branches  which  cross  the 
surface  of  the  sample  are  attached  to  an  external  node,  as  illustrated 
in  Figure  10c.  In  this  case,  the  branch  labeled  1 contributes  one 
to  the  genus  of  the  void  space.  Thus,  the  value  of  genus  per  unit 
volume  obtained  when  it  is  assumed  that  all  branches  which  cross  the 
surface  of  the  sample  are  attached  to  the  external  node  is  greater 
than  or  equal  to  the  actual  value  of  genus  per  unit  volume. 

If  all  branches  which  cross  the  surface  of  the  sample  are 
connected  in  the  portion  of  the  sinter  body  external  to  the  sample, 
as  the  branches  labeled  2 and  3 in  Figure  10  are,  then  the  experi- 
mentally obtained  maximum  limit  of  genus  per  unit  volume  is  still 
greater  than  the  actual  value  of  genus  per  unit  volume.  This  is 
because  the  circuits  intersected  by  the  surface  of  the  sample  are 
not  contained  entirely  within  the  sample,  and  hence  they  each 
actually  contribute  less  than  one  to  the  genus  of  the  structure 
contained  inside  the  sample.  During  the  experimental  procedure, 
however,  they  are  all  attached  to  the  external  node,  and  so  each 
is  assumed  to  contribute  one  to  the  genus  of  the  structure  contained 
inside  the  sample.  As  a result,  the  value  of  genus  per  unit  volume 
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Figure  10,  Illustration  of  the  effect  of  the  external  node 
on  the  deformation  retract. 
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obtained  by  the  procedure  presented  in  this  section  is  greater  than 

or  equal  to  the  actual  value  of  genus  per  unit  volume,  and  hence  is 

referred  to  as  the  maximum  limit  of  genus  per  unit  volume.  The 
max 

value  of  Gv  can  be  equal  to  the  actual  value  of  genus  per  unit 
volume  if  the  structure  has  a genus  of  zero. 

A network  which  is  topologically  equivalent  to  the  deformation 
retract  is  constructed  from  serial  sections  through  the  sinter  body 
according  to  the  following  procedure.  A square  area  is  drawn  on  the 
photomicrograph  of  each  serial  section.  The  areas  are  all  the  same 
size,  and  each  lies  directly  below  the  one  above.  The  first  and 
last  serial  sections  and  the  perimeters  of  the  constructed  areas 
enclose  a volume  of  the  structure  so  that  all  the  surfaces  of  the 
volume  form  90°  angles  with  adjacent  surfaces.  It  is  not  necessary 
that  the  area  analyzed  on  each  section  be  square;  a circular  area 
can  be  used  as  well  as  an  area  of  any  other  shape.  It  is  only 
necessary  that  the  magnitude  of  the  area  be  known,  and  that  the 
perimeters  of  the  areas  analyzed  form  a cylinder  passing  through  the 
sinter  structure.  When  these  conditions  are  satisfied,  the  volume 
of  material  analyzed  can  be  determined.  This  volume  must  be  known 
in  order  to  determine  the  magnitude  of  the  topological  properties 
on  a per-unit  volume  basis.  Right  circular  and  right  square 
cylinders  were  used  for  sample  shapes  during  the  course  of  this 
work.  The  size  of  the  area  is  chosen  so  that  a number  of  independent 
areas  of  the  void  space  are  enclosed.  It  is  desirable  that  approxi- 
mately 150  areas  of  the  void  space  be  enclosed  for  the  reasons 
discussed  in  Section  6,13. 
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Each  independent  area  of  the  void  space  which  lies  entirely 
within  the  area  constructed  on  each  section  is  arbitrarily  numbered. 
This  is  done  for  each  section  which  is  analyzed.  Each  numbered 
area  on  each  section  is  assumed  to  represent  a node  in  the  deforma- 
tion retract.  Recall  from  Chapter  II  that  the  presence  of  dummy 
nodes  in  a network  has  no  effect  on  the  value  of  the  connectivity 
of  the  network. 

An  array  of  points  representing  these  nodes  is  then  constructed, 
as  shown  in  Figure  lib, for  the  three  corresponding  serial  sections 
shown  in  Figure  11a.  The  nodes  are  connected  by  a branch  if  a 
continuous  path  exists  in  the  void  space  between  them,  as  shown  in 
Figure  11,  When  the  void  space  contacts  the  surface  of  the  portion 
of  the  sinter  body  being  analyzed,  a branch  to  the  external  node  is 
formed,  denoted  en  in  Figure  11, 

As  each  successive  serial  section  is  considered,  the  connectivity 
of  the  deformation  retract  up  to  and  including  that  section  is 
determined.  As  an  example,  consider  again  Figure  11.  After  the 
first  two  sections  have  been  analyzed,  the  node-branch  network  shown 
in  Figure  11c  is  generated.  This  network  consists  of  IB  branches, 

^ interior  nodes,  one  external  node  and  one  separate  part,  the 
network  itself.  Putting  these  values  in  equation  (4)  gives  a value 
of  seven  for  the  genus  of  the  portion  of  the  void  space  between  the 
first  two  sections.  This  value  of  genus  divided  by  the  volume 
contained  between  the  first  two  sections  is  not  representative  of 
the  genus  per  unit  volume  of  the  bulk  sinter  structure.  The  procedure 
by  which  such  a representative  value  is  obtained  is  presented  in  the 
latter  part  of  this  section. 


Figure  11.  Three  schematic  serial  sections  and 
corresponding  node-branch  network. 


the 
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When  the  first  three  sections  are  considered,  the  node-branch 
network  shown  in  Figure  lib  is  generated.  The  node  labeled  6 on 
section  2 is  not  connected  to  the  external  node;  hence,  it  represents 
an  isolated  separate  part  of  the  void  space.  The  network  consists 
of  24  branches  and  17  nodes,  16  of  which  are  internal  nodes.  This 
includes  the  node  which  represents  a separate  part  mentioned  above. 
The  seventeenth  node  is  the  external  node.  There  are  two  separate 
parts,  one  being  the  multiply  connected  portion  of  the  node-branch 
network  and  the  other  the  simply  connected  void  represented  by 
node  6 of  section  2. 

On  applying  equation  (2),  it  is  found  that 
G = 24  -17  +2=9 

Thus,  the  maximum  value  of  the  genus  of  that  portion  of  the  void 
space  between  the  three  sections  of  Figure  11  is  9. 

This  procedure  is  repeated  as  each  successive  serial  section 
is  considered.  The  value  of  genus  obtained  for  the  sample  after 
each  serial  section  is  added  to  the  sample  is  referred  to  as  the 
maximum  value  of  the  cumulative  genus. 

During  the  preparation  of  each  serial  section,  the  thickness 
of  sample  removed  is  measured  so  that  the  volume  of  material  analyzed 
per  section  can  be  calculated.  This  volume  is  determined  from  the 
thickness  and  the  area  of  each  section  that  is  analyzed. 

The  maximum  limit  of  genus  per  unit  volume,  G™ax,  for  a given 
sinter  structure  can  be  determined  in  the  following  way.  The 
maximum  value  of  cumulative  genus  for  each  section  is  first  divided 
by  the  corresponding  volume  of  material  analyzed.  The  resulting 
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value  is  referred  to  as  the  maximum  value  of  cumulative  genus  per 
unit  volume.  These  values  are  then  plotted  against  the  corresponding 
section  number.  The  resulting  curve  approaches  zero  slope  after  a 
number  of  sections  have  been  analyzed.  The  position  on  the  ordinate 
of  the  zero  slope  line  through  the  data  points  gives  the  maximum 
limit  of  genus  per  unit  volume  for  the  material  being  analyzed. 

Some  experimental  plots  are  shown  in  Figure  59, 

4 . 4 Determlnat ion  of  the  Number  of  Separate  Parts  per  Un it  Vol ume 

A procedure  similar  to  that  presented  in  the  preceding  section 
is  used  to  determine  the  number  of  separate  parts  per  unit  volume. 

The  total  number  of  separate  parts  contained  in  the  sample  after 
each  section  has  been  analyzed  is  referred  to  as  the  cumulative 
number  of  separate  parts.  Each  of  these  values  is  divided  by  the 
corresponding  value  of  volume  of  material  analyzed.  The  resulting 
values  are  referred  to  as  cumulative  number  of  separate  parts  per 
unit  volume.  These  values  are  then  plotted  against  the  section 
number,  and  the  resulting  curve  approaches  zero  slope  after  a number 
of  sections  have  been  analyzed.  The  position  on  the  ordinate  of  the 
zero  slope  line  through  the  data  points  gives  the  desired  value  of 
separate  parts  per  unit  volume  for  the  material  being  analyzed. 

5 .General  Features  of  an  Improved  Method  for  the  Determination 

oJL the  Genus  of  Sinter  Structures 

The  requirement  that  the  node-branch  network  be  constructed 
maxes  the  method  of  analysis  presented  in  Section  4,3  time  consuming, 
especially  when  100  to  200  void  areas  are  included  in  the  area  of 
each  serial  section  that  is  analyzed.  It  is  desirable  to  analyze 
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such  a large  area  because  the  difference  between  the  experimentally 
. max 

determined  value  of  Gy  and  the  actual  value  of  genus  per  unit 
volume  decreases  as  the  area  analyzed  on  each  section  is  increased. 
This  is  shown  in  Appendix  1, 

The  long  time  necessary  to  determine  the  topological  properties 
by  the  method  of  analysis  presented  in  Section  4.3  prompted  the 
development  of  a less  time-consuming  method  of  analysis,  referred 
to  as  Method  I I , 

Method  II  is  applicable  to  the  same  range  of  structures  as 
the  method  of  Kronsbein,  et  ed,;  that  is  to  say,  only  a space,  solid 
or  void,  which  is  simply  connected  on  a given  microsecticn  can  be 
analyzed,  A void  space  which  is  simply  connected  on  a given  serial 
section  is  referred  to  throughout  this  section  to  illustrate  the 
procedure. 

As  in  the  method  of  Kronsbein,  et  al . , a square  area  is  drawn 

on  the  photomicrograph  of  each  serial  section  so  that  each  area  is 

directly  below  the  preceding  one.  The  size  of  the  area  considered 

should  be  such  that  100  to  200  void  areas  are  enclosed.  The 

analysis  can  then  be  carried  out  relatively  rapidly  with  an  acceptably 

small  difference  between  the  experimentally  determined  value  of 
max 

Gv  and  the  actual  value  of  genus  per  unit  volume  (see  Appendix  1), 

Up  to  this  point,  only  a maximum  limit  for  the  actual  value  of 
genus  per  unit  volume  has  been  considered.  It  is  also  possible  to 
obtain  a minimum  limit  for  this  parameter.  Recall  that  the  maximum 
limit  is  found  by  determining  the  genus  per  unit  volume  after 
assuming  that  all  channels  of  the  void  network  which  cross  the 
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surface  of  the  sample  are  connected  to  the  external  node.  The 
minimum  limit  for  the  genus  per  unit  volume  is  obtained  when  it  is 
assumed  that  all  channels  which  cross  the  surface  of  the  sample  are 
capped  at  the  surface.  That  this  does  give  a lower  limit  can  be 
seen  from  the  following. 

In  general,  some  branches  which  cross  the  surface  of  the 
sample  should  contribute  to  the  genus,  as  pointed  out  in  Section 
4.1,  Since  this  contribution  is  removed  by  capping  these  branches 
at  the  sample  surface,  the  value  of  genus  per  unit  volume  obtained 
will  bo  less  than  or  equal  to  the  actual  value  of  the  genus  per  unit 
volume  of  the  sinter  body.  The  experimentally  determined  minimum 
limit  of  the  genus  per  unit  volume  can  be  equal  to  the  actual  value 
if  none  of  the  branches  which  cross  the  surface  of  the  sample  are 
connected  to  each  other  in  the  portion  of  the  sinter  body  exterior 
to  the  sample.  These  conditions  can  be  expressed  as 
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where  Gy  and  Gy111  are  the  maximum  and  minimum  limits  of  the  genus 
per  unit  volume,  respectively,  and  Cv  is  the  actual  value  of  genus 
per  unit  volume. 

Method  II  allows  the  determination  of  the  maximum  and  minimum 
limits  of  the  genus  per  unit  volume  and  the  number  of  separate 
parts  per  unit  volume.  Circuits  in  the  void  or  material  space  and 
separate  parts  of  the  void-solid  interface  can  be  detected  by 
considering  each  serial  section  through  the  structure  in  succession, 
A labeling  procedure,  presented  in  Section  4.5.1,  allows  this  to  be 
done  simply  by  noting  all  changes  which  occur  as  each  successive- 
serial  section  is  compared  to  the  preceding  one.  It  Is  therefore 
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unnecessary  to  check  serial  sections  which  were  previously  considered 
in  order  to  detect  the  presence  of  circuits  or  separate  parts  in  the 
structure.  It  also  becomes  unnecessary  to  construct  the  actual 
node-branch  network  corresponding  to  the  deformation  retract,  as  is 
the  case  when  the  method  of  Kronsbein,  et  al.  is  used.  Kronsbein, 

~ al.  [5]  also  point  out  that  matrix  algebra  can  be  employed  to 
determine  the  connectivity  and  number  of  separate  parts  of  a network, 
making  it  unnecessary  to  construct  the  deformation  retract.  This 
technique,  however,  is  no  less  time  consuming  than  the  method 
presented  in  this  section,  and  therefore  was  not  employed  during  the 
course  of  this  work. 

4.5.1  Labeling  Procedure 

In  this  section,  a labeling  procedure  is  presented  which  allows 
the  determination  of  the  cumulative  values  of  genus  and  number  of 
separate  parts  as  each  serial  section  is  analyzed.  The  void  space 
will  be  referred  to  throughout  this  section;  however,  this  procedure 
can  be  applied  to  either  space,  void  or  material  as  long  as  the 
space  is  simply  connected  on  any  given  microsection. 

Four  different  labels  for  void  areas  are  necessary  in  order 
to  monitor  all  changes  which  can  occur  in  the  void  space  as  successive 
pairs  of  serial  sections  are  analyzed.  These  labels  and  their 
meanings  are  listed  in  Table  1.  There  are  11  events  which  must  be 
monitored  as  successive  pairs  of  serial  sections  are  considered. 

These  events  and  the  labeling  procedure  which  must  be  employed  as 
each  event  is  encountered  are  presented  schematically  in  Table  2. 

These  11  events  are  described  in  detail  in  the  remainder  of  this 


section. 
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Table  1,  labels 


Void  Area 
Labels 


JE? 

(dash) 


(N  « number) 


(three  dots) 


(line  on 
section) 


and  their  meanings. 


Meaning 


Channel  attached  to  the  external  node  at  both 
ends. 


Channels  which  are  incident  on  the  external  node 
at  the  end  which  passes  through  the  bottom  of 
the  sample  and  on  an  internal  node  at  the  other 
end. 


New  channels.  The  end  which  passes  through  the 
bottom  of  the  sample  is  incident  on  the  external 
node.  The  other  end  of  a channel  so  labeled  ends 
within  the  sample. 


The  void  areas  which  are  connected  originated 
at  a new  channel  and  are  incident  on  the  external 
node  through  the  bottom  of  the  sample. 


A channel  labeled  X is  incident  at  one  end  on 
an  n-hole  torus  (n  = 1,2,3.  , ,)  and  at  the 
other  end  on  the  external  node. 
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Table  2,  Events  which  must  be  noted  as  successive  serial  sections 
are  considered  and  the  labels  associated  with  each  of 
these  events.  The  numbers  in  parentheses  refer  to  the 
11  steps  presented  in  the  text. 


Side 


X 

(10) 


(ID 


The  numbers  used  are 
arbitrary,  any  number 
can  be  used. 
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The  method  of  analysis  presented  in  the  following  sections 
employs  the  labeling  procedure  presented  in  this  section  in  order 
to  determine  maximum  and  minimum  values  of  the  cumulative  genus. 

The  first  serial  section  is  referred  to  as  the  top  of  the 
sample.  The  sides  of  the  sample  are  those  surfaces  which  lie  at 
90°  angles  to  the  top  surface  and  which  are  established  by  the 
perimeter  of  the  area  analyzed  on  each  section. 

The  labeling  procedure  consists  of  the  following  steps. 

1.  All  void  areas  which  pass  through  the  top  of  the  sample 
are  labeled  with  the  same  symbol  or  color.  As  these  void  areas  are 
followed  to  the  second,  third  and  successive  sections,  they  are 
labeled  with  the  same  symbol  or  color.  A dash  (-)  was  used  to  label 
these  channels  during  the  course  of  this  work. 

As  a result  or  this  procedure,  all  void  areas  on  any  section 
which  are  connected  to  the  external  node  are  labeled  as  such.  This 
information  is  carried  from  section  to  section  by  means  of  the 
labeling  procedure,  and  it  is  unnecessary  to  trace  back  through 
previously  analyzed  sections  to  determine  if  void  areas  are  connected 
to  the  external  node. 

Void  areas  which  pass  through  the  sides  of  the  sample  are 
labeled  with  the  same  symbol  or  color  as  those  in  1 above  as  they  are 
also  incident  on  the  external  node. 

3.  All  void  areas  which  result  from  the  splitting,  or 
branching  as  it  will  be  referred  to,  of  a channel  connected  to  the 
external  node  during  comparison  of  successive  serial  sections  are 
labeled  with  a number,  A different  number  is  used  for  each  event  of 
this  type. 
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Schematic  examples  of  such  branching  events  are  shown  in 
Figure  12.  One  void  area  branches  into  three  void  areas  between 
sections  1 and  2.  These  three  void  areas  are  labeled  4 on  section 
2.  Another  void  area  branches  into  two  void  areas  which  are  labeled 
2 on  section  2.  One  void  area  comes  in  through  the  side  of  the 
sample  between  sections  1 and  2 and  then  branches  into  the  two  void 
areas  labeled  3 on  section  3. 

All  void  areas  which  result  from  a given  branching  event  are 
labeled  with  the  same  number.  Void  areas  resulting  from  different 
branching  events  are  labeled  with  different  numbers.  As  a result, 
all  numbered  void  areas  are  incident  on  an  internal  node  at  one  end 
and  on  the  external  node  through  the  bottom  of  the  sample  at  the 

other  end.  All  channels  labeled  (-)  are  incident  on  the  external 
node  at  both  ends. 

4.  If  a void  area  branches  into  two  or  more  void  areas  and 
at  a later  point  in  the  analysis  all  but  one  of  these  void  areas 
end,  then  the  remaining  void  area  must  be  relabeled  with  the  symbol 
or  color  indicating  a branch  incident  on  the  external  node  (-). 

This  is  because  such  a void  area  is  not  incident  on  an  internal 
node,  it  is  only  Incident  on  the  external  node.  The  portion  of  the 
void  space  designated  4 in  Figure  12b  is  an  illustration  of  this. 

The  superimposed  node  in  this  portion  of  the  void  space  is  a dummy 
node  as  two  of  the  branches  which  are  incident  on  this  node  end. 

Thus,  this  portion  of  the  void  space  is  equivalent  to  one  branch, 
incident  at  the  top  of  the  sample  on  the  external  node  and  passing 
through  section  3.  The  labeling  of  this  portion  of  the  void  space 
on  section  3 by  a (-)  Indicates  this. 
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1 2 3 


(a) 


en  » External  Node 

Deformation  Retract 
(b) 


Figure  12,  Illustration  of  branching  events 
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5.  All  channels  which  are  the  result  of  branching  of  a 
numbered  void  area  are  labeled  with  the  same  number  as  the  void  area 
from  which  they  branched. 

A joining  event  is  the  reverse  of  a branching  event.  For 
example,  two  branches  join  between  sections  4 and  5 in  Figure  21. 

6.  If  a numbered  void  area  joins  a void  area  from  the  external 
node,  the  resulting  void  area  is  labeled  with  the  number.  If  two 

or  more  numbered  void  areas  join,  the  number  of  any  of  these  areas 
can  be  used  to  label  the  resulting  void  areas. 

For  example,  Figure  13a  shows  one  void  area  from  the  external 
node.  In  Figure  13b,  this  void  area  has  joined  a void  area  labeled 
3,  and  the  resulting  void  area  is  labeled  3.  Also,  between  these 
two  serial  sections  void  areas  labeled  4 and  5 join,  and  the 

resulting  void  area  is  labeled  4.  Note  that  5 could  also  have  been 
used. 

Another  event  which  must  be  considered  is  the  appearance  of 
new  channels  during  the  analysis.  For  example,  the  void  area 
labeled  6 on  section  2 in  Figure  11  appears  between  sections  1 and 
2 and  is  referred  to  as  a new  channel. 

7,  New  channels  are  labeled  with  a symbol  or  color  different 
from  that  used  for  channels  which  enter  the  sample  through  the  top 
or  sides. 

Three  dots  (.*. ) were  used  during  the  course  of  this  work,  as 
in  Figure  19.  If  a new  channel  ends  without  joining  another  part  of 
the  void  space  which  is  connected  to  the  surface  of  the  sample,  then 
this  new  channel  is  a separate  part  of  the  void  space.  Thus,  the 
labeling  procedure  allows  separate  parts  to  be  monitored  during  the 


Figure  13,  Illustration  of  joining  events. 
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analysis.  For  example,  the  void  area  labeled  6 on  section  2 in 
Figure  11  is  such  a channel. 

8,  If  a new  channel  joins  another  channel,  the  label  of  the 
latter  channel  is  used  to  label  the  resulting  channel, 

9,  If  a new  channel  branches,  the  resulting  channels  are 
connected  with  a line  on  each  succeeding  section. 

An  event  of  this  type  is  shown  schematically  in  Figure  14. 

The  new  channel  shown  in  section  4 branches  into  five  channels  in 
section  5,  all  of  which  are  connected  by  lines  on  section  5,  These 
channels  can  undergo  further  branching,  and  each  new  channel  is 
joined  to  the  one  from  which  it  branched  by  a line  on  the  respective 
section.  If  all  channels  resulting  from  the  branching  of  a new 
channel  end,  then  this  new  channel  and  its  branches  form  a separate 
part.  If  one  of  the  resulting  channels  joins  part  of  the  void  space 
which  is  connected  to  the  external  node,  then  this  new  channel  and 
its  branches  is  not  a separate  part. 

If  a new  channel  branches  and  then  at  a later  stage  in  the 
analysis  the  resulting  channels  join  to  form  one  channel  and  this 
channel  then  ends,  the  resulting  separate  part  is  multiply  connected. 
The  occurrence  of  such  multiply  connected  separate  parts  can  be 
detected  as  follows, 

10.  Any  channels  which  are  a result  of  the  joining  of 
channels  which  were  formed  by  the  branching  of  a new  channel  are 
so  designated  by  a fourth  symbol  or  color;  an  X was  used  during  the 
course  of  this  work.  If  the  channel  or  channels  so  designated  end, 
the  presence  of  a multiply  connected  separate  part  is  indicated. 


Serial  Section 
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(a) 


(b)  Serial  Sect  ions 


1 

2 

3 

4 

5 

6 

7 

8 
9 

(c)  Deformation  Retract 


Figure  14.  Illustration  of  branching  of  a new  channel. 
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An  example  of  a multiply  connected  separate  part  is  presented 
in  Figure  14  with  serial  sections  and  the  associated  node-branch 
network.  The  proper  labels  are  included  on  the  serial  sections. 
Multiple  connectivity  is  established  when  the  two  previously 
connected  channels  in  section  6 join  between  sections  6 and  7.  It 
is  not  established  that  this  portion  of  the  void  space  is  a separate 
part  until  the  void  area  in  section  7 ends,  between  sections  8 and  9. 

11.  If  two  or  more  new  channels  which  are  not  previously 
connected  join,  the  resulting  channel  is  a new  channel. 

For  example,  two  new  channels  join  between  sections  3 and  4 
of  Figure  14.  The  resulting  channel  in  section  4 is  therefore 
labeled  as  a new  channel. 

4.5.2  Method  II  for  the  Determination  of  the  Maximum  Values 
of  Cumulative  Genus 

When  the  labeling  procedure  presented  in  the  previous  section 
is  combined  with  the  method  of  analysis  presented  in  this  section,  a 
maximum  value  of  cumulative  genus  can  be  obtained  as  each  successive 

serial  section  is  considered. 

£ii 

The  term  i sample  will  refer  to  the  volume  of  material 
enclosed  by  the  first  serial  section,  the  surfaces  established  by 
the  perimeters  of  the  areas  constructed  on  each  section  and  by  the 
serial  section  under  consideration,  the  (i  + l)th  serial  section. 

The  first  sample  is  actually  contained  between  the  first  two  serial 
sections  as  two  serial  sections  must  be  considered  before  a volume 
of  material  is  delineated.  As  a result,  the  (i  + l)th  serial  section 
and  the  ith  sample  correspond  when  the  serial  sections  are  counted 
from  1,  as  is  done  throughout  the  course  of  this  work.  The  volume 
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of  material  analyzed,  or  the  size  of  the  sample,  increases  as  each 
successive  serial  section  is  considered. 

By  determining  the  quantities  defined  below  as  each  serial 
section  is  analyzed  and  applying  equations  (11),  (12),  (13)  and 
(14),  the  maximum  limit  of  the  genus  of  the  i^h  sample,  G^1ax,  can 
be  determined  as  the  (i  + l)th  serial  section  is  analyzed.  From  the 
values  of  G”ax,  referred  to  as  cumulative  values,  a value  can  be 
determined  which  is  representative  of  the  genus  per  unit  volume  of 
the  bulk  structure.  A method  for  doing  this  Is  presented  in 


Section  4.6. 

The  values  of  the  quantities  defiiied  below  are  obtained  for 
the  i**1  sample  by  tabulating  the  changes  in  each  of  these  quantities 
as  successive  serial  sections  are  considered  up  to  and  including  the 
(i  + l)*"*1  serial  section, 

— Number  of  branches  through  the  top  of  the  1th  sample, 
= Number  of  branches  through  the  bottom  of  the  ith 
sample, 

H Number  of  branches  through  the  sides  of  the  Ifch 
sample. 


. e(end) 

D . 


b(end) 


S Number  of  branches  incident  on  the  external  node 
which  passes  through  the  top  and  sides  of  the  ith 
sample  and  ends  within  the  lt^1  sample, 

=:  Number  of  branches  incident  cn  internal  nodes  which 
ends  within  the  ith  sample. 


nj  j zz  Number  of  j-branch  nodes  (j  ■ 3,  4,  5 . , .)  in 
the  ifc^  sample  (excluding  the  external  node). 
Examples  of  three-branch,  four-branch  and  five-branch  nodes 


are  shown  in  Figure  15 
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(a) 


Section  2 


3-Branch 


(b) 


en  = Branch  Incident  on  External  Node 


Node 


Node 


Section  1 


Section  2 


Node 


(c)  Deformation  Retract 


Figure  15.  Illustration  of  several  events  which 
. between  serial  sections. 


occur 
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The  top  of  the  ith  sample  is  the  first  serial  section  considered. 
Therefore,  the  value  of  b*-  remains  constant  throughout  the  analysis. 

The  bottom  of  the  ith  sample  is  the  (i  + l)th  serial  section.  The 
value  of  bj  varies  randomly  about  a mean  as  successive  serial  sections 
are  analyzed.  The  value  of  bj  generally  Increases  as  successive  serial 
sections  are  analyzed.  The  value  of  b|^end)  is  equal  to  the  number 
of  channels  incident  on  the  external  node  (labeled  -)  which  have 
ended  at  any  point  during  the  analysis. 

The  quantities  defined  below,  b^,  b.  and  n^,  are  expressed  in 
terms  of  the  measured  quantities,  bt,  b^,  b|,  b^cnd),  b[end)  and 
nifj>  by  equations  (11),  (12)  and  (13). 

bj  “ Number  of  branches  incident  on  the  external  node  for 
the  ifc^  sample, 

bj  —E  Number  of  internal  branches  (branches  which  do  not 
contact  the  external  node)  in  the  ith  sample. 

t"  Vi 

ni  Number  of  nodes  in  the  1 sample  (including  the  external 
node) . 


bfc  * b\  + bf 
Jmax 


be(end) 
(end)- 


'I  - [ST  - or0’] 

j »3 


max 


n, 


i 

J-3 


n 


j 


b<end)  + 1 


(ID 

(12) 

(13) 


The  order  of  the  highest  order  node  in  the  sample  is  jcax,  where  the 
highest  order  node  is  that  node  with  the  largest  number  of  branches 
incident  upon  it. 
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The  value  of  b|  generally  increases  as  successive  serial 
sections  are  considered, 

A node  is  observed  when  a branching  or  joining  event  takes 
place  between  numbered  void  areas  or  between  void  areas  incident  on 
the  sample  surface  (labeled  -) , This  includes  joining  events 
between  numbered  void  areas  and  void  areas  incident  on  the  sample 
surface  (labeled  -). 

maX 

c The  value  of  Gj  can  be  expressed  in  terms  of  b|,  bj 

and  nj  as 

„max  i . 

Gi  ■ + bp  - nj  + 1 (14) 

This  is  equation  (4)  where 

° 2 ( b i.  + bf)  (15) 

and 

ef0  " ni  (16) 

The  factor  - is  present  because  all  branches  are  counted  twice 
during  consideration  of  the  serial  sections,  once  for  each  of  the 
two  nodes  upon  which  they  are  incident. 

Examples  of  some  of  the  quantities  mentioned  above  will  now 
be  presented.  Two  schematic  serial  sections  are  shown  in  Figure  15a, 
The  void  space  between  these  serial  sections  is  shown  in  Figure  15b, 
w^6h  the  deformation  retract  superimposed.  The  deformation  retract 
is  shown  again  in  Figure  15c. 

A branch  which  originates  at  the  external  node  and  ends 
between  the  two  sections  is  shown  along  with  examples  of  three-branch, 
four-branch  and  five-branch  nodes.  If  a third  section  were  considered 
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and  one  of  the  branches  through  the  second  section  ended  between  the 
second  and  third  sections,  this  would  be  an  example  of  a branch 
originating  at  an  internal  node  which  ends. 

An  example  of  a branch  which  comes  in  from  the  side  of  the 
sample  and  then  ends  is  shown  in  Figure  16.  The  void  area  indicated 
by  the  arrow  in  the  schematic  serial  sections  of  Figure  16a  moves 
into  the  sample  and  then  ends.  After  the  third  section  has  been 
considered,  both  ends  of  this  branch  are  incident  on  the  external 
node,  as  shown  in  Figure  16b.  Therefore,  both  bf  and  bj  are 
increased  by  one  when  the  third  section  is  considered.  This  increases 
bi  by  two,  which  increases  G^ax  by  one  [see  equation  (14)1.  When 
the  fourth  section  is  considered,  the  circuit  on  the  external  node 
shown  in  Figure  16b  no  longer  exists,  as  shown  in  Figure  16c.  This 
decreases  bj  by  one  and  increases  b^end^  by  one.  Thus,  b®  is 
decreased  by  two.  Therefore,  when  the  branch  ends  between  the  third 
and  fourth  sections,  G™ax  is  decreased  by  one  rsee  equation  (14)]. 

This  illustrates  the  fact  that  the  total  change  in  G^ax  produced  by 
a branch  incident  on  the  external  node  which  passes  through  the  side 
or  top  of  the  sample  and  then  ends  is  zero. 

In  equation  (14),  the  number  of  separate  parts  is  given  by 
the  last  term,  1,  This  is  because  separate  parts  are  counted 
separately  during  the  analysis  so  the  only  separate  part  which  must 
be  included  in  equation  (14)  is  the  multiply  connected  part  of  the 
network. 

This  was  done  during  the  course  of  this  work  because  only 
one  separate  part  in  the  11R7  observed  in  all  the  sinter  structures 
analyzed  was  multiply  connected.  This  observation  is  supported  by 
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(c) 


Figure  16,  Illustration  of  a branch  which  comes  in 

from  the  side  of  the  sample  and  then  ends. 
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the  results  of  a computer  model  for  the  sintering  process  developed 
by  Steele  [3],  which  indicates  that  the  probability  of  isolating 
multiply  connected  parts  of  the  void  space  is  small.  The  results 
of  this  computer  model  are  presented  in  Section  6,7. 

When  the  number  of  simply  connected,  isolated  separate  parts 
is  not  included  in  the  value  of  n^,  equation  (14)  is  correct,  with 
the  value  of  one  for  the  number  of  separate  parts,  N,  This  is 
because  if  the  number  of  simply  connected  separate  parts  is 
included  in  nj  as  well  as  in  N,  the  value  of  genus  is  not  changed, 
as  indicated  by  equation  (2).  Thus,  if  the  number  of  simply 
connected  separate  parts  is  not  included  in  nj  and  N,  as  is  done 
here,  the  resulting  value  of  genus  is  the  correct  value. 

Equation  (13)  has  three  terms  on  the  right  side.  The  first 
term  gives  the  number  of  internal  nodes  in  the  network,  and  the  last 
term  takes  the  external  node  into  account.  The  second  term  on  the 
right  side  of  eauation  (13)  and  the  last  term  on  the  right  side  of 
equation  (12)  change  the  values  of  bj  and  n^,  respectively,  so 
that  when  branches  Incident  on  internal  nodes  end  between  sections, 
equation  (14)  still  gives  the  correct  value  of  G™3*.  This  is 
illustrated  by  means  of  the  following  example. 

Consider  the  node-branch  network  shown  in  Figure  17,  According 

ITI3X 

to  equation  (14),  Gj  of  the  network  in  Figure  17a  is 

GjaX  - |(3  + 3)  - 2 + 1 » 2 

When  the  third  section  is  Included,  as  shown  in  Figure  17b,  one  of 
the  two  branches  which  crosses  the  second  section  has  ended.  As  a 
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Numbers 


(b) 


Figure  17.  Illustration  of  a branch  ending  which 
is  incident  on  an  internal  node. 
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result,  according  to  equation  (12), 

bt  - 3(1)  - 3(1) 


The  three-branch  node,  previously  tabulated  between  the  first  two 
sections  and  contributing  the  first  term  on  the  right  side  of  the 
above  equation,  no  longer  exists  as  one  of  its  branches  has  ended. 

The  effect  of  this  event  on  bj  is  taken  into  account  by  the  second 
term  on  the  right  side  of  equation  (12)  which,  for  this  example, 
is  the  second  term  on  the  right  side  of  the  above  equation.  When 
the  branch  ends  between  the  second  and  third  sections,  the  number 
of  nodes  is  also  decreased  by  one.  This  is  taken  into  account  by 
the  second  term  on  the  right  side  of  equation  (13),  which  decreases 
by  one  for  each  branch  which  ends.  Equation  (13),  when  applied 
to  Figure  17b,  gives 

n j «=  1 -1  + 1 *»  1 

The  fact  that  b^  is  zero  and  n^  is  one  indicates  that  the  network 
is  equivalent  to  the  one  shown  in  Figure  17c,  This  is  true  because 
the  node  present  Ir.  Figure  17b  is  a two-branch  node  and  is  therefore 
a dummy  node. 

£ 

Note  that  bj  is  two  after  the  third  section  has  been  considered, 
as  shown  in  Figure  17b,  Putting  these  values  of  bj,  b.  and  in 
equation  (14)  gives 

Gj3X  - ^(0  + 2)  - 1 + 1 . 1 

That  this  is  correct  is  apparent  from  Figures  17b  and  17c. 
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When  a branch  from  a higher  order  node  (j  > 3)  ends,  the 
effect  on  and  n^  is  correctly  given  by  the  second  term  on  the 
right  side  of  equations  (12)  and  (13),  respectively.  This  is  because 
whenever  a branch  from  a node  of  any  order  ends,  the  effect  on  G^1354 
is  the  same  as  if  a branch  from  a three-branch  node  had  ended.  This 
is  a result  of  the  fact  that  a node  of  order  j(j  « 3,  4,  5 . . .) 
is  equivalent  to  j - 2 three-branch  nodes. 

In  Figure  18,  a five-branch  node  is  shown  to  be  equivalent 
to  5 - 2 ■=>  3,  three-branch  nodes.  A five-branch  node  is  shown  in 
Figure  18a.  In  Figure  18b,  a node  and  a branch  have  been  added  to 
give  one  four-branch  and  one  three-branch  node.  Because  one  node 
and  one  branch  have  been  added,  G™ax  is  not  changed  as  the  quantity 
(bi  - nj)  is  unchanged.  In  Figure  18c,  another  branch  and  node 
have  been  added  to  give  three  three-branch  nodes.  Again,  as  one 
node  and  one  branch  have  been  added,  G™r'X  remains  unchanged. 

From  this  it  is  apparent  that  if  one  of  the  branches  passing 
through  section  2 in  Figure  18a  ends,  it  is  equivalent  to  removing 
one  three-branch  node  from  the  network.  The  factor  of  three  in  the 
second  term  on  the  right  side  of  equation  (12)  is  a result  of  this 
fact.  This  term  in  equation  (12)  Indicates  that  whenever  a branch 
incident  on  an  internal  node  ends,  a three-branch  node,  and 
consequently  three  hal f-branches , are  removed  from  the  network. 

The  second  term  on  the  right  side  of  equation  (13)  takes  into 
account  the  fact  that  a node  is  also  removed  by  this  event. 

The  effect  of  new  channels  on  the  values  of  G™ax  will  now  be 
considered.  The  second  serial  section  in  Figure  19b  illustrates 
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Figure  18.  Illustration  of  the  equivalence  of 
five-branch  and  three  three-branch 
nodes. 
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(d) 


<e> 


Figure  19 


Illustration  of  a new  channel  which  branches 
with  one  branch  ending  on  a subsequent  section 
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the  appearance  of  a new  channel  in  the  void  space.  The  appearance 

IDfiX 

of  a new  channel  contributes  nothing  to  the  value  of  Gj  , as  is 
indicated  by  the  node-branch  network  shown  in  Figure  19c.  If  a 
new  channel  branches,  as  the  new  channel  shown  in  Figures  19a  and 
19b  does  between  the  second  and  third  sections,  then  G.  is 
increased  by  one.  This  is  apparent  from  the  node-branch  network 
shown  in  Figure  19d.  This  is  accounted  for  by  adding  two  to  the 
value  of  b^  whenever  a new  channel  branches.  If  one  of  these 
branches  ends  at  a later  point  in  the  analysis,  as  indicated  in 
Figures  19a  and  19b,  then  two  must  be  subtracted  from  the  value  of 
bj.  This  produces  a decrease  in  G™ax  of  one.  That  G™ax  is 
decreased  by  one  can  be  seen  from  the  node-branch  networks  shown 
in  Figures  19d  and  19e.  The  configuration  shown  in  Figure  19e 
forms  no  circuit  with  the  external  node,  and  thus  does  not  contribute 
to  GfX. 

This  procedure  yields  the  maximum  limit  of  the  cumulative 
genus,  G?ax,  as  each  successive  serial  section  is  analyzed.  It  is 
unnecessary  to  consider  any  serial  sections  previously  analyzed  as 
all  necessary  information  from  these  sections  is  contained  in  the 
cumulative  quantities,  bj,  b^  and  n^.  Therefore,  only  two  serial 
sections  are  considered  at  any  one  time  during  the  analysis. 

4.5.3  Determination  of  the  Minimum  Values  of  Cumulative  Genus 

The  minimum  limit  for  the  genus  of  a sinter  structure  is  the 
value  obtained  when  it  is  assumed  that  all  channels  which  cross  the 
surface  of  the  sample  analyzed  are  capped  at  the  surface  of  the 
sample.  This  is  illustrated  schematically  in  Figure  20,  There  is 


Sampl e 


Circuit 


X = Ceps 


Figure  20,  Illustration  of  capped  branches  at  the 
sample  surface  during  determination  of 
the  minimum  limit  of  the  genus. 
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no  external  node  in  this  case.  Contributions  to  Gj  come  exclusively 
from  circuits  in  the  void  space  which  are  interior  to  the  surface 
of  the  sample.  A schematic  example  of  such  an  interior  circuit  is 
shown  in  Figure  20;  there  is  one  circuit  in  the  superimposed  node- 
branch network.  An  example  of  a circuit  which  is  not  interior  to 
the  sample  is  shown  in  Figure  19d.  Without  the  external  node,  this 
circuit  wTould  not  be  present. 

The  number  of  internal  circuits  in  the  ith  sample  is  equal  to 
the  value  of  , The  values  of  G™*n  were  determined  during  the 

course  of  this  work  by  noting  the  number  of  internal  circuits  formed 
as  each  serial  section  is  analyzed  and  taking  the  sum  of  these 
values  for  all  serial  sections  up  to  and  including  the  one  under 
consideration,  the  (i  +1)  serial  section.  Internal  circuits  in 
the  void  space  are  easily  detected  by  the  following  method  based  on 
the  labeling  procedure  presented  previously.  This  analysis  is 

carried  out  simultaneously  with  the  analysis  to  determine  the  values 

. _max 
of  Gj  . 

As  consecutive  serial  sections  are  considered,  any  two  channels 
which  join  will  produce  an  increase  of  one  in  G™*n  if  they  are 
connected  by  some  other  path  through  the  network.  This  is  illustrated 
in  Figure  21.  When  channels  from  the  surface  of  the  sample  join,  as 
in  Figure  21a,  G.  n is  not  changed.  This  is  because  these  channels 
are  considered  to  be  cauped  at  the  surface  of  the  sample,  and  hence 
are  not  connected  by  any  other  path  through  the  void  space.  As  a 
result,  no  circuit  is  formed  in  the  network  when  these  channels  join. 

In  Figure  21b,  the  channels  which  join  between  sections  4 and 
5 are  joined  by  another  path  through  the  network;  therefore,  this 
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(a) 


Figure  21.  Illustration  of  the  effect  of  branching 
and  joining  events  on  the  value  of  G^ln. 


min 

event  increases  Gj  by  one  because  a circuit  is  formed  in  the 


network. 

As  an  actual  sinter  structure  is  analyzed,  the  previously 
described  labeling  procedure  allows  circuits  in  the  void  space  to 
be  monitored  as  each  section  is  analyzed  as  follows.  During  the 
analysis,  numbered  channels  will  join  other  numbered  channels.  The 
numbers  of  the  channels  which  join  must  either  be  the  same  or 
different.  If  the  numbers  are  the  same,  then  the  labeling  procedure 
assures  that  the  channels  are  joined  in  some  previously  analyzed 
portion  of  the  sample.  This  joining  event  thus  completes  a circuit 
in  the  void  space,  and  therefore  G™*n  is  increased  by  one.  If  the 
channels  which  join  have  different  numbers,  then  the  joining  event 
is  recorded  as  follows. 

A new  linear  graph  (not  to  be  confused  with  the  deformation 
retract  of  the  structure  under  consideration)  is  established  by 
writing  the  numbers  of  the  channels  and  then  connecting  them  with 
a line.  In  order  to  avoid  confusing  this  new  linear  graph  with  the 
linear  graph  which  represents  the  deformation  retract  of  the 
structure  under  consideration,  this  new  graph  is  referred  to  as  the 
"subnetwork  graph."  Examples  of  such  subnetwork  graphs  are  shown 
in  Figures  22b  and  22c  for  the  deformation  retract  shown  in  Figure 
22a.  If  the  number  of  either  of  the  channels  which  joined  is 
previously  recorded  in  the  subnetwork  graph,  then  only  the  number 
of  the  channel  which  was  not  in  the  subnetwork  graph  is  recorded 
and  connected  to  the  number  of  the  channel  already  present.  Thus, 
any  number  only  appears  once  in  the  subnetwork  graph.  The  event  of 
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(b)  Subnetwork  Graph 
After  Section  3 


(c)  Subnetwork  Graph 
After  Section  4 


Figure  22.  Illustration  of  the  subnetwork  graph  associated 
with  the  determination  of  the  values  of  G^ln, 
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two  channels  joining,  only  one  of  which  is  recorded  in  the  subnetwork 

graph,  does  not  change  G™*n  as  no  other  path  exists  between  two  such 

channels.  This  joining  event,  however,  establishes  such  a path  and 

the  line  in  the  subnetwork  graph  between  the  numbers  of  these  two 

channels  indicates  this.  The  event  of  two  channels  joining  which 

are  already  indicated  as  being  joined  in  the  subnetwork  graph 
min 

increases  Gj  by  one  as  these  channels  are  joined  previously,  and 
the  event  under  consideration  establishes  a circuit  in  the  void 
space.  Such  an  event  is  not  recorded  again  in  the  subnetwork 
graph  as  it  is  not  necessary  to  connect  any  pair  of  numbers  with 
more  than  one  line.  In  general,  if  two  channels  with  different 
numbers  join  and  if  any  path  connecting  them  can  be  found  in  the 
subnetwork  graph,  then  this  event  increases  G^n  by  one. 

For  example,  consider  the  node-branch  network  shown  in  Figure 
22a.  The  channel  labels  are  indicated  next  to  each  of  the  branches 
where  they  intersect  the  serial  sections.  Note  that  between  sections 
2 and  3 a channel  labeled  7 joins  a channel  labeled  1,  a channel 
labeled  1 joins  a channel  labeled  4 and  a channel  labeled  3 joins 
a channel  labeled  10.  These  events  are  Indicated  in  the  subnetwork 
graph  shown  in  Figure  22b,  which  shows  1 joined  to  4 and  7 and  3 
joined  to  10,  When  section  4 is  considered,  channels  labeled  4 and 
7 join  and  channels  labeled  3 and  4 join.  This  is  indicated  in  the 
subnetwork  graph  shown  in  Figure  22c,  which  is  the  same  graph  shown 
in  Figure  22b  except  3 and  4 are  also  joined. 

min 

When  the  channels  labeled  4 and  7 join,  G.  is  increased  by 
one  because  these  channels  are  joined  in  the  subnetwork  graph  by  a 
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path  through  1,  It  is  not  necessary  to  join  4 and  7 in  the  sub- 
network  graph  as  they  are  already  joined  by  the  path  through  1, 

When  the  channels  labeled  3 and  4 join,  G™311  is  not  changed  as  there 
is  no  path  in  the  subnetwork  graph  which  connects  these  channels. 

As  each  serial  section  is  analyzed,  the  change  in  G™*n 
produced  by  the  events  described  above  are  tabulated.  Each  value 
of  G™3'1"1  is  determined  by  adding  the  tabulated  change  in  G™*n  to 
the  preceding  value  of  G™*n,  The  values  of  G™^n  are  then  used  to 
determine  the  minimum  limit  of  genus  per  unit  volume,  G™*n, 
according  to  the  procedure  presented  in  Section  4,6, 

4,5,4  An  Example  Illustrating  Method  II  for  the  Determination 
of  the  Maximum  and  Minimum  Limits  of  the  Cumulative 
Genus 

An  example  of  the  application  of  Method  II  for  the  determina- 
iviciX  in  in 

tion  of  values  of  and  G j will  now  be  presented  using  the 

three  schematic  serial  sections  shown  in  Figure  23a,  Figure  23b 
shows  the  deformation  retract  for  the  first  two  sections. 

During  the  analysis  of  an  actual  sinter  structure,  it  is  not 
necessary  to  construct  the  deformation  retract.  As  indicated 
previously,  it  is  only  necessary  to  record  each  event  as  it  is 
observed  during  the  analysis.  The  node-branch  networks  are  presented 
here  in  order  to  clarify  the  example. 

When  the  first  two  sections  are  considered,  the  quantities 
defined  in  Section  4,6  have  the  following  values:  the  number  of 

branches  through  the  top  (section  1)  of  the  first  sample  (between 
sections  1 and  2),  b^,  is  10,  and  the  number  of  branches  through 
the  bottom  of  the  first  sample  (section  2),  bj',  is  7,  The  two  new 
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(c)  Second  Sample  (i  «*  2) 


Figure  23.  Three  schematic  serial  sections  and  their 
deformation  retracts  used  to  illustrate 
Method  II. 
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channels,  designated  , are  not  counted  in  b^.  The  number  of 

s 

branches  through  the  sides  of  the  first  sample,  b^,  is  1,  The 
channel  indicated  by  the  arrow  in  section  2 of  Figure  23a  is 
attached  to  the  external  node;  however,  it  makes  no  circuit  and 
so  does  not  contribute  to  the  genus.  Therefore,  it  is  not  counted 
as  a branch  through  the  side  of  the  sample  and  is  not  indicated  in 
the  node-branch  network  of  Figure  23b, 

The  number  of  branches  incident  on  the  external  node  which 
passes  through  the  top  and  sides  of  the  first  sample  and  ends  within 
the  first  sample,  b^end\  is  zero. 

Therefore,  according  to  equation  (11),  the  number  of  branches 
incident  on  the  external  node  for  the  first  sample,  b^,  is 

bj  <=  10  ♦ 7 + 1 • 0 a 18 


There  is  one  three-branch,  one  four-branch  and  one  five-branch 
node  present  in  the  first  sample.  Therefore,  the  values  of  n^j  are 
one  for  j = 3,  4 and  5 and  zero  for  all  other  values  of  j.  This 
can  be  seen  from  the  node-branch  network  in  Figure  23b, 

The  number  of  internal  branches  in  the  first  sample,  bj.,  is 
given  by  equation  (12), 


*>i  ■ [ >z:  j-,,]  - [3b<end)] 

j - 3 

On  substituting  the  values  of  n^j  and  b^CnC^,  this  becomes 
b1  « 3(1)  + 4(1)  + 5(1)  - 0 » 12 

The  number  of  nodes  in  the  first  sample,  n^,  is  given  by  equation 

(13)  where  i ■=  1 and  j •»  5,  On  substituting  the  values  of 

max 
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(end) 

n . and  b.  , this  becomes 

1 1 J 


=1+1+1  ■ 0 + 1 « 4 


On  substituting  the  above  values  in  equation  (14),  Gj'ax  is  obtained 


Gmax  _ l(n  + 18)  . 4 + i „ 12 


Note  that  the  value  of  G™in  is  zero  as  no  internal  circuits 

can  be  present  after  only  two  sections  have  been  considered. 

When  the  third  section  is  considered,  the  quantities  defined 

in  Section  4.6  have  the  following  values.  The  number  of  branches 

through  the  top  of  the  sample  remains  unchanged.  The  number  of 

branches  through  the  bottom  of  the  second  sample  (section  3), 

b^,  is  five.  The  number  of  branches  through  the  sides  of  the 
s 

second  sample,  b^,  is  two,  as  can  be  seen  from  the  node-branch 
network  of  Figure  23c.  As  each  section  is  considered,  the  number 
of  branches  through  the  sides  of  the  sample  can  be  determined 
simply  by  adding  the  increase  in  the  number  of  branches  through 
the  sides  of  the  sample  produced  by  adding  this  section  to  the 
total  number  of  branches  through  the  sides  of  the  previous  sample. 

The  number  of  branches  incident  on  the  external  node  which 
passes  through  the  top  and  sides  of  the  third  sample  and  ends  within 
the  second  sample,  is  one.  This  quantity  can  be  determined 

by  adding  the  increment  for  a given  serial  section  to  the  value  for 

s 

the  previous  sample,  as  for  b^. 

According  to  equation  (11),  the  number  of  branches  incident 
on  the  external  node  for  the  second  sample,  b|,  is 

b®  « 10  + 5 + 2 - 1 - 16 
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Three  three-branch  nodes  are  added  to  the  network  when  the 

third  section  is  analyzed.  Thus,  for  the  second  sample,  n0  - is 

4,  n~  , is  1 and  n„  , is  1,  The  value  of  n„  is  zero  for  all  other 

2,  j 

values  of  j. 

The  number  of  internal  branches  in  the  second  sample,  b2,  is 


max 


given  by  equation  (12)  where  i «*  2 and  j 

the  values  of  n0  . and  b9ena',  this  becomes 
2 » J 2 * 


5,  On  substituting 


b2  - [3(4)  + 4(1)  + 5(1)]  - [3(1)]  - 18 


The  number  of  nodes  in  the  second  sample,  n2,  is  given  by 

equation  (13)  where  i = 2 and  i «*  5,  On  substituting  the  valxies 

max 

of  n9  . and  b9end\  this  becomes 

n2  b 6 • 1 + 1 e 6 

On  substituting  the  above  values  in  equation  (14),  G™331  is  obtained 
G2SX  - |(1S  + 16)  - 6 + 1 - 12 

Two  channels  labeled  1 and  two  channels  labeled  2 join  between 
sections  2 and  3.  Each  of  these  events  increases  G™*11  by  one.  Thus, 
after  section  3 has  been  analyzed,  G™*n  has  a value  of  two. 

This  example  illustrates  the  application  of  the  procedure 

presented  in  Sections  4.5,2  and  4,5.3  to  determine  the  values  of 

_max  , -min 
G.  and  G . 

1 i 

4.6  Determination  of  Gmax  and  Gmin  from  the  Values  of  G?aX  and 
(jmin  v ~ V"  1 

Two  methods  can  be  used  to  determine  the  values  of  G™3*  and 
Gy  from  the  values  of  G™ax  and  G™*n.  The  first  method,  proposed 
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by  Kronsbein,  et  al . [5"j  was  presented  in  Section  4.3.  The  second 
method,  proposed  by  Steele  [3*],  is  presented  here  (see  Appendix  1). 

If  the  structural  features  which  produce  the  changes  in  G^0X 
and  G^n  are  uniformly  distributed  throughout  the  volume  of  material 
analyzed,  then  G™ax  and  G?^n  will,  on  the  average,  change  by  an 
amount  proportional  to  the  volume  between  sections  as  each  successive 
section  is  analyzed.  This  can  be  expressed  as 


A G 


max 

i 


..max 


(A  V) 


(17) 


where  A G™ax  is  the  change  in  the  cumulative  value  of  genus,  G™ax 
is  the  value  of  genus  per  unit  volume  and  A V is  the  volume  of 
material  analyzed  which  is  associated  with  ^G™sx,  This  equation 
can  also  be  applied  to  G^*n,  Dividing  both  sides  of  equation  (17) 
by  AV  gives 


G 


max 

v 


max 

AGi 


(IS) 


This  equation  indicates  that  G™ax  or  G™ln  is  equal  to  the  slope  of 
a plot  of  G^aX  or  G™*n,  respectively,  versus  volume  of  material 
analyzed.  The  following  example  will  illustrate  this. 

Consider  the  hypothetical  node-branch  network  shown  in  Figure 
24.  Assume  that  the  serial  sections  from  which  this  network  was 
obtained  are  represented  by  the  horizontal  lines  in  the  figure. 
Assume  further  that  the  sections  are  equally  spaced  so  that  the 
volume  of  sample  between  sections  is  the  same  for  all  sections. 

The  values  of  G™a"'  and  G?^n  presented  in  Table  3 were  determined 


from  this  network 


Section 

Number 

1 — 


Figure  24.  Hypothetical  node-branch  network 
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Table  3.  Data  taken  from  the  node-branch  network  of  Figure  24. 


Section 


Number 

(i) 

-max 

Gi 

A /-max 

AGi 

Iagt- 

-min 

Gi 

AGiin 

lAcf" 

2 

7 

0 

0 

0 

0 

0 

3 

14 

7 

7 

0 

0 

0 

4 

14 

0 

7 

0 

0 

0 

5 

14 

0 

7 

0 

0 

0 

6 

20 

6 

13 

0 

0 

0 

7 

20 

0 

13 

7 

7 

7 

8 

20 

0 

13 

7 

0 

7 

9 

27 

7 

20 

7 

0 

7 

10 

27 

0 

20 

13 

6 

13 

11 

27 

0 

20 

13 

0 

13 

12 

33 

6 

26 

13 

0 

13 

13 

33 

0 

26 

20 

7 

20 

14 

33 

0 

26 

20 

0 

20 
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If  these  values  are  plotted  as  a function  of  volume  of 
material  analyzed,  or  section  number  since  the  volume  between 
sections  is  assumed  constant,  the  curve  shown  in  Figure  25a  is 
obtained.  The  trend  indicated  in  this  plot  continues  as  long  as 
the  network  in  Figure  24  goes  on.  Both  G™aX  and  G™*n  remain 
constant  for  three  sections,  and  then  the  value  increases  by  six 
or  seven  alternately.  This  produces  a linear  plot  for  both  G™ax 
and  G™in,  as  is  indicated  by  the  lines  through  the  points  in 
Figure  25a.  The  plot  for  G™^  reaches  linearity  almost  immediately; 
however,  the  plot  for  G^in  reaches  linearity  only  after  a number  of 
sections  have  bean  analyzed.  This  is  also  a characteristic  of  plots 
obtained  in  the  analysis  of  actual  sinter  structures  (see  Section  6.3). 
This  behavior  is  a result  of  the  fact  that  circuits  in  the  void 
space  cannot  be  detected  until  a number  of  sections  have  been 
analyzed. 

In  general,  a plot  of  cumulative  genus  versus  volume  analyzed 
for  an  actual  sinter  structure  will  have  less  scatter  than  the  plot 
shown  in  Figure  25a.  This  is  because  the  events  which  produce 
changes  in  G^aX  and  G™*n  are  usually  more  uniformly  distributed 
over  the  serial  sections  than  is  the  case  in  Figure  24.  Figures  62 
to  64  are  plots  foi*  sinter  structures  which  exhibit  little  scatter. 
This  scatter  decreases  as  the  area  of  each  serial  section  which 
is  analyzed  increases.  The  plot  shown  in  Figure  58  has  considerable 
scatter  as  a result  of  the  small  number  of  channels  in  the  area 


analyzed. 
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(a) 


(b) 


Figure  25.  Cumulative  plots  for  the  network  shown 
in  Figure  24. 
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The  curves  in  Figure  25a  have  the  same  slope.  For  an  actual 

TTlcOC 

sinter  structure,  this  will  in  general  not  be  true.  Usually  Gy 

min 

will  be  greater  than  Gy  as  a result  of  channels  which  pass  through 
the  sides  of  the  sample.  Since  no  branches  pass  through  the  sides 
of  the  sample  in  Figure  24,  the  plots  of  Figure  25a  have  the  same 
slope.  In  general,  the  larger  the  surface-to-volume  ratio  of  the 
sample  (i.e.,  the  smaller  the  sample  size),  the  greater  will  be 
the  difference  of  the  slopes  of  the  two  curves.  In  order  to  place 
close  limits  on  the  actual  value  of  the  genus,  it  is  important  to 
minimize  the  difference  caused  by  this  effect.  A compromise  must 
therefore  be  reached  between  the  shape  and  size  of  the  sample 
analyzed  and  the  time  spent  in  the  analysis.  This  will  be  considered 
further  in  Section  6,13, 

4 . 7 Determination  of  the  'Timber  of  Separate  Parts  per  Unit 
Volume  from  the  Values  of  Cumulative  Seg_aratc_  Parts 

In  order  to  determine  the  value  of  separate  parts  per  unit 

volume,  N , the  same  procedure  as  presented  in  the  preceding  section 

is  followed.  The  cumulative  values  of  separate  parts  are  plotted 

against  the  volume  of  material  analysed.  The  slope  of  this  plot 

is  equal  to  Nv,  This  value  is  a minimum  limit  for  Nv  as  only 

separate  parts  contained  entirely  within  the  volume  analyzed  are 

counted  during  the  analysis.  Separate  parts  which  are  intersected 

by  the  surfaces  of  the  volume  analyzed  are  not  counted.  If  such 

separate  parts  were  included,  a maximum  limit  for  Nv  would  be 

obtained.  This  surface  effect  is  small  as  long  as  the  area  of  each 

serial  section  that  is  analyzed  is  large.  An  area  containing  150 
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to  200  channels  was  used  for  most  samples  analyzed  during  the  course 
of  this  research.  The  surface  effect  error  in  the  Ny  values  thus 
obtained  is  not  greater  than  11  per  cent,  according  to  the  calculations 
in  Appendix  2,  This  is  considered  further  in  Section  4,9, 

4.8  Method  III 

The  fact  that  the  parameter  of  interest  in  the  determination 

of  genus  per  unit  volume  is  the  slope  of  the  plot  of  cumulative 

genus  versus  volume  of  material  analyzed  leads  to  a third,  simpler 

method  of  analysis  referred  to  as  Method  III, 

In  order  to  determine  the  slope  of  the  plot  of  G^ax  versus 

volume  analyzed,  it  is  only  necessary  to  determine  the  change  in 
max 

Gj  as  each  successive  serial  section  is  considered,  as  is  indicated 

by  equation  (18).  This  was  pointed  out  and  erployed  for  Method  II, 

presented  in  Section  4,5,  Method  II,  however,  is  based  on  the 

application  of  equations  (11)  through  (14)  in  order  to  determine 
max 

Gi  , Before  these  equations  can  be  used,  the  number  of  each  type 
of  event  must  be  determined  as  each  section  is  analyzed.  The  method 
of  analysis  presented  in  this  section  allows  the  determination  of  the 
changes  in  directly  from  the  events  which  are  observed  as  each 

section  is  analyzed.  It  then  becomes  unnecessary  to  employ  any 
equations  in  order  to  determine  the  values  of  G^0",  As  a result, 

Method  III  is  more  straightforward  and  less  tisie  consuming  than 
Method  IT, 

The  procedure  for  the  determination  of  the  values  of  Gj*n, 
presented  in  Section  4.5,3,  is  just  such  a method.  It  is  unnecessary 
to  use  equations  relating  the  number  of  the  various  types  of  events 
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and  G™*n.  Thus,  this  method  for  the  determination  of  the  values  of 
min 

Gj  is  retained.  Method  III  for  the  determination  of  the  values  of 
Gj'  will  be  introduced  by  applying  the  method  to  the  network  of 
Figure  24, 

Sections  1 and  2 of  Figure  24  are  the  same;  therefore,  the 
change  in  Gjiax,  ^ G™^',  is  zero  for  section  2,  as  indicated  in  Table 
3.  There  are  seven  three-branch  nodes  between  sections  2 and  3. 

These  nodes  all  "branch  down,"  This  means  that  they  are  all 
oriented  in  such  a way  that  two  branches  pass  through  the  bottom  of 
the  sample  and  one  branch  passes  through  the  preceding  section.  In 
this  example,  one  branch  from  each  node  passes  through  section  2 and 
the  remaining  two  branches  pass  through  section  3, 

Consider  the  three-branch  node  shown  in  Figure  26a  which  branches 
down.  When  the  first  two  sections  are  considered,  the  network, 
shown  in  Figure  26b,  has  a value  of  G™ax  of  one,  as  one  circuit  is 
formed  with  the  external  node.  When  all  three  sections  are  considered, 
the  network  shown  in  Figure  26c  has  a value  of  G2?X  of  two,  as 
two  circuits  are  formed  with  the  external  node.  Thus,  the  effect 
of  adding  one  three-branch  node  which  branches  down  to  the  node- 
branch network  is  to  increase  Gj,c"v  by  one. 

Since  each  three-branch  node  which  branches  down  increases 
G?aX  by  one,  the  change  in  Gjiax,  ^ Gjax,  between  sections  2 and  3 
of  Figure  24  is  as  indicated  in  Table  3,  At  this  point  in  the 
analysis,  no  internal  circuits  have  been  formed  in  the  network; 
hence,  there  is  no  change  in  G?*ri,  The  branches  in  Figure  24  are 
labeled  with  numbers  at  the  points  where  they  cross  each  section 
according  to  the  labeling  procedure  of  Section  4.3.1, 
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Cc) 


F i gur  e 26 


Illustration  of  a node  which  branches  down 
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There  are  six  three-branch  nodes  between  sections  3 and  4. 

These  nodes  "branch  up"  because  they  are  oriented  in  such  a way  that 
two  branches  on  section  3 combine  to  form  one  branch  on  section  4. 

A three-branch  node  which  branches  up  is  shown  in  Figure  27a, 
When  the  first  two  sections  are  considered,  the  associated  node- 
branch network,  shown  in  Figure  27b,  has  a value  of  Gj1^  of  two 
as  two  circuits  are  formed  with  the  external  node.  When  all  three 
sections  are  considered,  the  associated  node-branch  network,  shown 
in  Figure  27c,  also  has  a value  of  G®9*  of  two  as  two  circuits  are 
formed  with  the  external  node.  Thus,  the  effect  of  adding  one  three- 
branch  node  which  branches  up  to  the  node-branch  network  is  to  leave 
G™3*  unchanged.  Thus,  the  six  three-branch  nodes  which  branch  up 
between  sections  3 and  4 in  Figure  24  have  no  effect  on  G™aX. 
Therefore,  the  value  of  ^Gjax  is  zero,  as  indicated  in  Table  3,  The 
change  in  G™*n,  ^Gj*n,  is  also  zero  as  no  internal  circuits  have 
been  formed  in  the  networ-k. 

When  two  channels  with  different  labels  join,  the  convention 
employed  during  the  course  of  this  work  (Section  4.5.1)  is  that  the 
lowest  of  the  two  numbers  is  used  to  label  the  resulting  channel. 

This  was  done  in  Figure  24,  The  joining  events  in  Figure  24  are 
recorded  in  the  subnetwork  graph  shown  in  Figure  28,  The  events 
which  take  place  between  sections  3 and  4 produce  this  graph.  The 
fact  that  these  events  were  not  previously  recorded  during  the 
analysis  results  in  the  value  of  zero  for  A Gj*n.  This  is  according 
to  the  procedure  presented  in  Section  4,5,3, 

Sections  4 and  5 are  identical;  hence,  both  ^G^aX  and  ^G^in 


are  zero 
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Figure  27. 


Illustration  of  a node  which  branches  up 
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Figure  28,  Subnetwork  graph  associated  with  the 
analysis  of  the  network  shown  in 
Figure  24. 
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There  are  six  three-branch  nodes  between  sections  5 and  6, 
all  of  which  branch  down.  As  a result,  ^Gmax  ls  +6  for  section  6^ 
No  internal  circuits  are  formed  by  the  addition  of  this  section, 
so  AGg  is  zero. 

When  section  7 is  analyzed,  seven  three-branch  nodes,  all  of 

which  branch  up,  are  observed.  As  a result,  AGfT*  *s  zero; 

however,  seven  Internal  circuits  are  formed  in  the  network.  One 

of  the  nodes  is  formed  when  two  branches,  both  labeled  1,  join. 

The  remaining  joining  events  are  all  recorded  in  the  linear  graph 

min 


of  Figure  28,  Therefore,  each  of  these  events  increases  by 

, , min  . 

one;  thus,  AGg  is  +7, 

If  the  analysis  of  each  successive  section  is  continued  in 

TTtclX  in  I *■% 

this  way,  the  values  of  AG.  “ and  AGi  > presented  in  Table  3, 
are  found.  When  the  resulting  values  of  X"A G^aX  and  ZA°?,n 
are  plotted  against  volume  of  material  analyzed,  the  curves  shown 
in  Figure  25b  are  obtained.  This  assumes  that  the  serial  sections 
are  uniformly  spaced  so  that  the  volume  of  material  removed  per 
section  is  the  same  for  all  sections.  Note  that  the  slopes  of  the 
curves  presented  in  Figures  25a  and  25b  are  the  same  in  spite  of  the 
fact  that  Gj  and  ^AGi  ere  not  the  sail‘e»  Since  the  slopes  are 
the  same,  the  values  of  G^ax  and  Gm*n  obtained  by  Method  III  are  the 

’ v v 

in  in. 

same  as  the  values  obtained  by  Method  II,  The  values  of  Gj  are 
the  same  as  the  values  of  5lAGiin  because  Method  II  and  Method  III 
for  the  determination  of  G^*n  are  the  same.  The  values  of  G?aX 

V x 

in  Table  3 are  equal  to  the  corresponding  values  of  ZAcr  +7, 


Seven  is  the  number  of  branches  through  the  top  of  the  sample  in 
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Figure  24.  Since  the  number  of  branches  through  the  top  of  the 
sample  remains  constant  throughout  the  analysis,  these  branches  do 
not  contribute  to  They,  however,  do  contribute  to  the 

value  of  Gj  , thus  the  difference  in  these  two  parameters.  This 
constant  factor  does  not  affect  the  equality  of  the  slopes  of  the 
plots  of  GT.Pa''“  and  G-'  versus  volume  of  material  analyzed,  as 
indicated  in  the  preceding  example. 

Method  HI  contains  further  modifications  of  Method  II  as 
follows. 

Recall  from  Section  4,5,2  that  nodes  of  order  greater  than 
three  can  always  be  treated  as  collections  of  three-branch  nodes. 
For  example,  consider  again  Figure  18c  which  shows  the  three-branch 
node  equivalent  of  the  five-branch  node  of  Figure  18a,  Two  of  the 
three  three-branch  nodes  branch  up  and  one  branches  down.  Thus, 
this  five-branch  node  increases  G 7ax  by  one. 

This  illustrates  the  fact  that  the  effect  of  a node  of  any 
order  on  G.  is  equal  to  plus  v.*)  the  number  of  branches  from  the 
node  which  passes  through  the  bottom  of  the  sample  minus  (-)  one. 
For  example,  the  five-branch  node  of  Figure  18a  has  two  branches 
which  pass  through  the  bottom  of  the  sample.  Thus,  ^ G^a“  is 
2-1=1.  This  also  applies  to  three-branch  nodes.  For  the 
three-branch  node  of  Figure  27a  which  branches  up,  G?ax  » 

1 -1  = 0,  For  the  three-branch  node  of  Figure  26a  which  branches 
down,  l\G™aX  « 2 - 1 » 1. 

The  appearance  of  now  branches  which  split  on  a later  section, 
as  shown  schematically  in  Figure  19,  is  taken  into  account  as 
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follows.  When  the  new  channel  splits,  as  on  section  3 of  Figure 
19b,  G™ax  is  increased  by  one.  If  one  of  the  resulting  channels 
ends  on  a later  section,  as  in  Figure  19,  then  G™3*  is  decreased 
by  one. 

The  number  of  separate  parts  per  unit  volume,  Nyf  Is 
determined  by  the  method  presented  in  Section  4.7. 

To  summarize,  Method  III  allows  the  determination  of  the 
maximum  and  minimum  values  of  cumulative  genus  by  the  summation 
of  the  effect  on  the  cumulative  genus  produced  by  changes  which 
occur  in  the  void  space  as  each  serial  section  is  considered.  As 
a result.  It  is  unnecessary  to  construct  the  associated  node-branch 
network  as  in  the  method  of  Kronsbein,  jet  al . , or  to  employ  any 
equations  as  in  Method  II  presented  in  Section  4.5, 

4 . 9 Analysis  of  a Space.  Material  or  Void.  Which  Exhibits 

Multiple  Connectivity  on  a Single  Microsection 

The  method  of  analysis  presented  in  this  section  can  be 
employed  to  determine  the  topological  properties  of  any  sinter 
structure.  A space,  material  or  void,  which  is  multiply  connected 
on  a single  microsection  can  be  analyzed  with  this  method. 

A general  procedure  for  the  analysis  of  two-phase  structures 
would  allow  the  simultaneous  determination  of  the  genus  of  the 
interface  between  the  two  phases  and  the  number  of  separate  parts  of 
both  phases  when  either  of  the  phases  is  analyzed.  The  procedure 
presented  here  allows  the  determination  of  the  genus  of  the  inter- 
face between  the  two  phases  and  the  number  of  separate  parts  of 
either,  but  not  both  phases,  when  either  of  the  phases  is  analyzed. 
Therefore,  this  procedure  can  be  applied  to  either  space  of  any 
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sinter  structure,  as  only  separate  parts  of  the  void  space  are 
experimentally  observed.  The  general  applicability  of  the  procedure 
presented  here  is  considered  further  at  the  end  of  this  section. 

As  with  the  preceding  methods  of  analysis,  a maximum  and 
minimum  limit  of  the  genus  is  obtained.  Throughout  the  analysis 
for  tiie  values  of  G™C'X,  the  space  being  analyzed  is  assumed  to  be 
capped  at  the  top  and  bottom  of  the  sample.  Only  branches  which 
pass  through  the  sides  of  the  sample  are  assumed  to  be  incident 
upon  the  external  node.  That  this  has  no  effect  on  the  values  of 

TOciX 

Gj  which  are  obtained  is  shown  in  the  following.  It  should  be 
kept  in  mind  that  the  parameter  of  interest  is  the  change  in  the 
values  of  G™d  ‘ and  G'.*n  and  not  the  actual  values  of  G’j'^  and  G^n, 
The  number  of  branches  through  the  top  of  the  sample  remains 
constant  throughout  the  analysis  and  therefore  has  no  effect  on  the 
change  in  G.  x as  successive  serial  sections  are  considered.  The 
number  of  branches  through  the  bottom  of  the  sample  varies  from 
section  to  section.  However,  this  number  can  be  characterized  by 
some  average  value  since  there  is  no  systematic  variation  in  this 
number  as  successive  sections  are  considered.  As  a result,  the 
branches  through  the  bottom  of  the  sample  have  no  effect  on  the 
average  on  the  change  in  G^'ax,  the  parameter  of  interest,  as 
successive  sections  are  considered  and  hence  are  assumed  to  be 
capped  at  the  sample  surface. 

During  the  course  of  this  research,  the  channels  through 
the  top  and  bottom  of  the  samples  were  assumed  to  be  capped  only 
when  the  space  being  analyzed  exhibited  multiple  connectivity  on  a 
given  mlcrosect ion.  However,  this  assumption  could  have  been  made 
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for  all  samples  without  changing  the  value  obtained  for  G™ax,  For 
example,  if  this  assumption  had  been  made  in  the  case  of  the  hypo- 
thetical network  of  Figure  24,  the  values  of  It  G^iaX  and  !<n 
would  have  been  the  same  as  those  obtained  in  Section  4.6.  Thus, 
the  value  obtained  for  G™ax  is  the  same  whether  or  not  it  is  assumed 
that  channels  through  the  top  and  bottom  of  the  i*-*1  sample  are 
capped. 

The  number  of  branches  through  the  sides  of  the  sample 
generally  increases  as  the  area  of  the  sides  increases.  Thus,  this 
contribution  cannot  be  neglected  in  the  determination  of  the  values 
of  GjC  , as  can  the  contribution  of  branches  through  the  top  and 
bottom  of  the  sample. 

All  branches  through  the  surface  of  the  sample  are  assumed 
capped  during  the  determination  of  the  values  of  G^n, 

After  the  desired  area  on  each  serial  section  is  delineated 
(see  Section  4.3),  a network  is  constructed  in  the  area  as  follows. 
The  intersection  of  the  space  (material  or  void)  chosen  for  analysis 
with  the  plane  of  each  serial  section  is  a set  of  areas  bounded  by 
closed  curves  which  are  the  intersection  of  the  plane  of  the  serial 
section  with  the  void-solid  interface.  If  each  of  these  areas  is 
shrunk  continuously,  a set  of  networks  of  nodes  and  branches  is 
formed.  This  construction  is  a two-dimensional  analogue  of  the 
deformation  retract  in  three  dimensions.  An  example  of  such  a 
network  is  shown  for  a hypothetical  section  through  a sinter 
structure  in  Figure  29.  The  network  in  two  dimensions  obtained  by 
this  procedure  will,  in  general,  be  composed  of  a number,  or  set,  of 
isolated  networks,  or  separate  parts,  called  subnetworks.  The 
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* Hypothetical  serial  section  illustrating  the 
construction  of  a network  analogous  to  the 
deformation  retract  in  three  dimensions. 


Figure  29 
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retract  shown  in  Figure  29  consists  of  six  subnetworks.  These 
isolated  subnetworks  may  be  connected  in  the  third  dimension. 

The  next  and  most  important  step  in  the  analysis  is  the 
comparison  in  succession  of  the  networks  on  adjacent  serial  sections. 
As  the  comparison  of  each  successive  network  with  the  preceding 
network  is  made,  changes  are  noted  and  tabulated.  Four  classes  of 
change  can  occur.  The  tabulation  of  these  changes  is  facilitated 
by  means  of  a labeling  procedure  which  will  be  described  as  each 
class  of  change  is  presented.  The  four  classes  of  change  which  must 
be  monitored  and  tabulated  are  listed  in  Table  4.  Each  of  these 
will  now  be  described  in  detail. 

Unless  the  material  or  void  space  is  specified,  the  following 
procedure  applies  to  either  space. 

Class  It  Changes  in  the  Number  of  Subnetworks,  Each,  sub- 
network on  the  first  serial  section  is  labeled  with  a different 
number,  as  illustrated  in  Figure  29.  As  each  successive  section 
is  considered,  corresponding  subnetworks  are  labeled  with  the 
same  number  as  cn  the  preceding  section. 

In  general,  subnetworks  will  appear  during  the  analysis, 
as  illustrated  in  Figures  14  and  19.  These  subnetworks  are 
referred  to  as  new  subnetworks  if  they  do  net  contact  the  sides 
of  the  sample.  For  example,  the  network  indicated  by  an  arrow  in 
Figure  16  is  not  a new  subnetwork,  A subnetwork  such  as  this  which 
contacts  the  external  node  is  labeled  with  a new  number  just  as 
those  subnetworks  which  contact  the  external  node  through  the  top 
of  the  sample. 
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Table  4.  Classification  of  changes  which  occur  during  the  analysis 
of  serial  sections. 


Class 


Description  max  -.rain 

of  Change ___ i_ __ i JN 


Comment 


I 

Appearance 

and 

disappearance 
of  subnetworks 


Appearance  of 
subnetwork 

Disappearance 
of  subnetwork 


0 

0 

0 


0 

0 

0 


0 

+1 

0 


If  the  subnetwork  Is 
labeled  X or  is  the 
last  subnetwork  la- 
beled Xp  i=l ,2,3,,, 

All  other  subnetworks 


II 


Appearance 

and 

disappear ance 
of  circuits 
and 

branches 


Appearance  of 
new  circuit 

Appearance  of 
new  branch 

Disappearance 
of  a circuit 

Disappearance 
of  a branch 


0 0 


+1  +1 


Type  1 
0 0 

Type  2 

1 -1 


If  the  circuit 
bounded  a sub- 
0 network  labeled  X 
or  the  last  sub- 
network labeled  Xp 
+1  * i«<l,2,3,,. 


0 All  other  circuits 


0 0 0 


III 


Separat ion 
and 

connect  ion 
of 

subnetworks 


Separation  of  a 0 
subnetwork  into 
two  subnetworks 

Appearance  of  0 

a connection 
between  two 
subnetworks 


0 

0 

+1 


0 


0 If  labels  are 
different 

0 If  labels  are 
the  same 


IV 

Appearance  of  a 
branch  to  the 
external  node 

+1 

0 

0 

Appearance 

and 

d isappearance 

Disappearance  of 
a branch  to  the 
external  node 

0 

0 

0 

of  branches 

and  circuits 
incident  on 
the  external 
node 

Collapse  (or  dis- 
appearance) of  a 
circuit  incident 
on  the  external 
node 

JL 

0 

0 

Appearance  of  a 
circuit  Incident 
on  the  external 
node 

0 

0 

0 
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When  a new  subnetwork  appears,  it  is  labeled  with  a symbol 
rather  than  a number;  the  same  symbol  is  used  for  all  new  sub- 
networks, /in  X is  used  here  for  illustration  [ however,  three  dots 
) were  used  during  the  course  of  this  work"].  This  allows  the 
new  subnetworks  to  be  followed  from  section  to  section,  just  as  in 
the  case  of  subnetworks  already  present. 

Since  separate  parts  of  the  material  space  are  not  observed, 
it  is  unnecessary  to  label  new  subnetworks  during  the  analysis  of 
the  material  space.  However,  it  is  desirable  to  label  new  sub- 
networks during  the  analysis  of  the  material  space  so  that  all 
subnetworks  on  a given  section  will  be  labeled.  This  avoids 
confusion  as  to  which  subnetworks  have  and  have  not  been  analyzed. 

If  a new  subnetwork  separates  into  two  or  more  subnetworks, 
the  resulting  subnetworks  are  all  labeled  Xj,  where  i is  an 
integer,  1 being  used  for  the  first  such  event,  2 for  the  next, 
etc.  In  general,  as  successive  serial  sections  are  considered, 
some  subnetworks  labeled  with  a given  Xj  end  or  disappear.  When 
the  last  subnetwork  labeled  with  a given  Xj,  Xj  for  example,  disappears, 
the  presence  of  a separate  part  is  indicated.  This  is  illustrated  in 
Figure  30a,  This  event  and  the  disappearance  of  subnetworks  labeled 
X indicate  the  presence  of  a separate  part  of  the  void  space 
because  the  subnetwork  which  ends  is  not  connected  to  the  sample 
surface  by  any  path  through  the  void  space. 

If  two  or  more  subnetworks  with  the  same  Xj  label  join  and 
then  all  subnetworks  with  this  label  end  later  in  the  analysis, 
the  presence  of  a multiply  connected  separate  part  is  indicated. 


Section 
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Void 

Space 


(®) 

(§> 

<qg) 

r— 

(§) 

© 

Total:  AG  » +1  - 1 

AN  - +i 

(a) 


Void 

Space 


Appearance  of  a 
new  circuit 
AG  « 0 


Appearance  of  a 
new  circuit 

AG  « 0 


Disappearance 
of  a branch 

AG  “ 0 


Appearance  of 
a branch 

AG  « +1 

Disappearance 
of  a circuit 
(Type  2) 

A G « -I 

Disappearance 
of  a circuit 
around  last  void 
area  labeled  X, 
(Type  1) 

AG  - 0,  An  - +1 


u 
o 
o 
c n 


XL 


t 

— 

^ 

i§) 

Appearance  of  a 
new  circuit 
AG  0 

Appearance  of  a 
new  circuit 
^G  n 0 

Disappearance 
of  a branch 

AG  « 0 


Appearance  of 
a branch 
AG  « *1 


D i s appear ane  e 
of  a branch 
A G «■>  0 

Appearance  of 
a branch 
AG  - +1 

Disappearance 
of  a circuit 
(Type  2) 

AG  « -1 

Disappearance 
of  a circuit 
around  last  void 
area  labeled  &2 
(Type  1) 

AG  « o,  *=•  +i 


Total:  AG  » +1  ♦ 1 - l 

AN  ■=  +1 

(b) 


+1 


Figure  30.  Appearance  and  disappearance  of  circuits  associated  with 
separate  parts  during  the  analysis  of  the  sol'd  space. 
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This  is  illustrated  in  Figure  30b,  When  two  subnetworks  with  the 
same  X^  label  join,  G™aX  and  G™*n  are  both  increased  by  one,  as 
indicated  in  Table  4 under  Class  III  changes.  This  will  be 
considered  again  in  the  following  discussion  of  Class  III  changes, 

A separate  part  is  observed  when  either  of  two  events  occur: 
(1)  a subnetwork  labeled  X ends,  and  (2)  a subnetwork  labeled  Xj, 
which  is  the  last  remaining  subnetwork  with  this  label,  ends.  The 
total  number  of  these  two  events  which  is  observed  during  the 
analysis  of  a serial  section  is  equal  to  the  change  in  the  number 
of  separate  parts  for  that  serial  section,  ^N. 

This  procedure  does  not  allow  the  detection  of  separate 
parts  which  Intersect  the  sample  surface.  If  these  separate  parts 
are  neglected,  a small  error  is  introduced  into  the  results,  as 
shown  in  Appendix  1. 

Class  II:  Changes  in  the  Connectivity  of  the  Subnetworks. 

Changes  in  the  connectivity  of  each  subnetwork  must  be  noted  as 
successive  serial  sections  are  considered.  The  connectivity  of  a 
subnetwork  is  increased  in  either  of  two  ways  - by  the  appearance 
of  a new  circuit  or  by  the  appearance  of  a new  branch.  These 
events  are  illustrated  in  Figure  31,  A new  circuit  appears  between 
the  two  serial  sections  shown  in  Figure  3la,  Changes  of  this  type 
have  no  effect  or.  the  value  of  G™ax  or  G™*n.  This  is  because  such 
a new  circuit  can  be  shrunk  through  the  space  being  analyzed  in  the 
third  dimension  (perpendicular  to  the  plane  of  the  serial  sections) 
until  it  collapses  or  forms  a point  without  crossing  the  void-solid 
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(b) 


Figure  31,  Illustration  of  Ca)  appearance  of  a new  circuit 
and  (b)  appearance  of  a new  branch  in  the  sub- 
networks constructed  on  successive  serial 
sections. 
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interface.  Such  a circuit  is  not  an  independent  circuit,  and  therefore 
does  not  contribute  to  the  genus  of  the  structure  (see  Section  2,3), 

The  appearance  of  a new  branch  is  illustrated  in  the  serial 

1J133C 

sections  shown  in  Figure  31b,  Changes  of  this  type  increase  both  Gj 
and  G™*n  by  one.  This  is  because  any  circuit  of  which  such  a new  branch 
is  a part  cannot  be  shrunk  to  a point  without  crossing  the  void-solid 
interface.  Therefore,  a new  branch  is  part  of  an  independent  circuit, 
and  hence  contributes  to  the  genus  of  the  structure. 

The  connectivity  of  a subnetwork  is  decreased  in  either  of  two 
ways  - by  the  disappearance  of  a branch  or  by  the  collapse  or  disap- 
pearance of  circuits.  These  events  are  the  same  as  those  illustrated 
in  Figure  31  with  the  order  of  the  serial  sections  reversed. 

The  disappearance  of  a branch  leaves  both  G™3*  and  G™*n  unchanged, 
as  the  branch  which  has  disappeared  still  remains  in  the  third  dimension. 
Therefore,  the  connectivity  of  the  deformation  retract  is  unchanged  by 
this  event, 

.The  effect  of  the  collapse  of  a circuit  depends  upon  the  manner 
in  which  the  circuit  was  formed.  There  are  two  types  of  circuit 
collapse,  as  indicated  in  Table  4, 

Type  1 is  the  disappearance  of  a circuit  which  was  the  last 
circuit  associated  with  the  appearance  of  a new  circuit.  Type  1 events 
occur  only  during  the  analysis  of  the  material  space,  as  this  event  is 
associated  with  the  presence  of  a separate  part  of  the  void  space,  A 
Type  1 event  leaves  both  G1^3*  and  G™*n  unchanged  and  increases  N ty 
one,  as  illustrated  by  the  following  examples.  The  labeling  procedure 
is  the  same  as  that  used  for  new  subnetworks  under  Class  I changes. 

Figure  30a  shows  a simply  connected  separate  part  which  is 
intersected  by  five  serial  sections  which  are  also  shown.  The 
analysis  is  performed  on  the  material  space,  and  the  changes  in 
the  topological  properties  are  indicated  next  to  each  serial  section. 
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The  areas  encircled  by  new  circuits  are  labeled  X,  Two  of  these 
areas  join  to  form  one  area  between  sections  3 and  4,  and  the 
resulting  area  is  labeled  X.  This  area  then  splits  into  two  areas 
between  sections  4 and  5,  both  of  which  are  labeled  Xj  to  indicate 
they  are  joined  on  a previously  analyzed  serial  section.  One  of 
these  areas  then  ends  between  sections  5 and  6,  and  the  circuit 
around  this  void  area  collapses.  This  is  a Type  2 event  which 
produces  a decrease  of  1 in  both  Gjnaj*  and  G^n  as  a branch  is  removed 
by  this  event.  The  other  void  area  labeled  Xj  then  ends  between 
sections  6 and  7,  and  the  circuit  around  this  void  area  collapses. 
This  is  a Type  1 event,  and  therefore  produces  no  change  in  G^ax  or 
^min,  ^his  event  indicates  the  presence  of  a separate  part  of  the 
void  space.  A simply  connected  separate  part  does  not  contribute  to 
the  genus;  therefore,  the  total  change  in  genus,  Af,  produced  by  the 
separate  part  of  Figure  30a,  is  zero,  as  indicated  by  summing  the 
changes  in  genus  associated  with  this  separate  part. 

Multiply  connected  isolated  separate  parts  of  the  void  space 
can  also  be  analyzed  by  this  procedure,  as  illustrated  in  Figure 
30b,  The  labeling  procedure  is  the  same  as  that  used  for  separate 
parts  under  Class  I changes.  These  subnetworks  are  labeled  X2 
rather  than  X^  to  indicate  that  the  subnetworks  so  labeled  are 
not  connected  to  those  labeled  X^,  When  the  last  void  area  labeled 
X2  ends  between  sections  8 and  9,  the  accompanying  circuit  collapse 
is  a Type  1 event.  As  a result,  Gj,aX  and  G™*n  are  unchanged  and 
N is  increased  by  one.  The  total  change  in  G^aX  and  G^*n  associated 
with  the  separate  part  of  Figure  30b  is  +1,  as  this  separate  part 
is  multiply  connected  and  has  a genus  of  one. 
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Class  III:  Separations  or  New  Connections  Between  Subnetworks. 

The  separation  of  subnetworks  into  two  or  more  subnetworks  and  the 
formation  of  connections  between  subnetworks  must  be  noted  as 
successive  serial  sections  are  considered.  This  is  facilitated  by 
means  of  the  labeling  procedure  as  follows.  Subnetworks  that  result 
from  the  separation  of  a given  subnetwork  are  given  the  same  label 
as  the  original  subnetwork.  For  example,  consider  the  serial 
sections  shown  in  Figure  32.  The  subnetwork  labeled  3 on  the  first 
section  separates  by  the  removal  of  a branch  to  form  two  subnetworks 
on  the  second  section;  both  are  labeled  3 according  to  the  above 
convention.  When  two  or  more  subnetworks  with  different  labels 
join,  the  smallest  of  the  labels  is  used  to  relabel  al 1 subnetworks, 
with  the  larger  cf  the  two  labels  on  both  sections  under  cons idera- 
tion.  Also,  when  a subnetwork  labeled  with  a number  joins  a new 
subnetwork,  the  number  is  used  to  label  the  resulting  subnetwork. 

This  labeling  procedure  does  away  with  the  necessity  of  constructing 
a subnetwork  graph,  as  was  the  case  for  Methods  II  and  III  (see 
Sections  4.5.3  and  4.8), 

Separations  of  subnetworks  produce  no  change  in  c”aX  and  G^in, 
as  this  corresponds  to  the  disappearance  of  a branch  (Class  II 
change),  as  illustrated  in  Figure  32,  The  appearance  of  a connec- 
tion between  two  subnetworks  with  the  same  number  produces  an 
increase  of  one  in  both  G^aX  and  G^in.  This  is  because  such  a 
joining  event  completes  a circuit  in  the  space  being  analyzed 
since  the  fact  that  the  subnetworks  which  join  have  the  same  label 
indicates  they  are  joined  by  a path  through  the  portion  of  the 
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First  Section 


Second  Section 


Two  Subnetworks 


.Branch 

Removed 


Figure  32,  Illustration  of  the  separation  of  a subnetwork 
between  two  successive  serial  sections. 
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structure  previously  analyzed.  Joining  events  between  numbered 
and  new  subnetworks  leave  G™ax  and  G™*n  unchanged  as  this  joining 
event  does  not  complete  a circuit  in  the  space  being  analyzed.  The 
number  is  used  to  label  the  resulting  subnetwork. 

If  two  or  more  subnetworks  with  different  Xj  labels  join, 
the  label  with  the  smaller  value  of  i is  used  to  relabel  all  sub- 
networks with  the  larger  value  of  i cm  both  sections  under  considera- 
tion. If  a subnetwork  with  a given  X.  label  joins  a numbered 
subnetwork,  the  number  is  used  to  label  the  resulting  subnetwork, 
and  all  other  subnetworks  labeled  with  that  Xj  label  on  both  sections 
under  consideration.  No  change  in  G^ax,  G^n  or  N is  associated 
with  these  events  as  they  produce  no  circuits  or  separate  parts. 

Class  IV:  Connections  to  the  External  Node.  Changes  in  the 

number  of  branches  which  contact  the  external  node  must  be  monitored 
also.  As  pointed  out  previously,  only  branches  which  pass  through 
the  sides  of  the  volume  of  material  analyzed  are  assumed  to  contact 
the  external  node.  The  following  Class  IV  changes  are  possible. 

Branches  to  the  external  node  can  appear  or  disappear,  as 
illustrated  in  Figure  33a,  The  appearance  of  a branch  increases 
G^  by  one  as  this  event  completes  a circuit  with  the  external 
node.  The  value  of  G^n  remains  unchanged.  The  appearance  of  a 
circuit  incident  on  the  external  node  leaves  G™aX  and  G^n 
unchanged.  This  is  because  a circuit  produced  in  this  way  is  not 
an  independent  circuit  since  it  can  be  shrunk  in  the  third  dimension 
(perpendicular  to  the  serial  sections)  until  it  collapses  without 
crossing  the  void-solid  interface. 


Ill 


First  Second 


Illustration  of  sample  surface  effects.  The 
appearance  and  disappearance  of  (a)  branches 
to  the  external  node  and  (b)  circuits  incident 
on  the  external  node. 


Figure  33, 
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When  the  four  classes  of  change  described  above  are  tabulated 
during  the  analysis  of  a set  of  serial  sections,  values  of  Ag™3'', 

and  AN  are  obtained  as  each  successive  section  is  considered. 
The  total  change  in  each  of  these  parameters,  after  a given  number 
of  sections  has  been  analyzed,  is  referred  to  as  the  "cumulative 
change"  of  that  parameter.  Only  those  events  which  produce  changes 
in  G^aX,  G^in  and  N are  tabulated.  Accordingly,  events  which  must 
be  noted  are  (see  Table  4):  disappearance  of  (a)  subnetworks,  (b) 

circuits,  (c)  branches  to  the  external  node,  (d)  circuits  incident 

upon  the  external  node;  and  appearance  of  (e)  new  branches  and  (f) 

. - _max  „min 

connections  between  subnetworks.  The  desired  values  of  Gv  , 

, , . , - _max  _min 

and  Nv  are  obtained  by  plotting  the  cumulative  change  of  G.  , G. 

and  N versus  volume  of  material  analyzed  and  taking  the  slope  of 

the  linear  portion  of  the  respective  curve  (see  Sections  4.6  and 

4.7). 

An  example  illustrating  the  features  of  this  method  of 
analysis  will  now  be  presented  by  analyzing  the  schematic  serial 
sections  shown  in  Figure  34,  The  shaded  region  has  no  multiple 
connectivity  on  a given  section  and  normally  would  be  simplest  to 
analyze.  The  multiply  connected,  unshaded  region  will  be  considered 
here  for  the  sake  of  illustration. 

Consider  the  first  serial  section.  A node-branch  network  is 
constructed  on  this  section,  as  shown  in  Figure  33b.  This  network 
is  constructed  so  that  the  phase  of  interest  is  covered  by  the 
network,  and  no  circuit  in  the  network  can  be  shrunk  continuously 
to  a point.  The  term  covered  means  that  the  two-dimensional  inter- 
section of  the  phase  of  interest  with  the  section  under  consideration 


Section 

Number 
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Figure  34.  Hypothetical  serial  sections  illustrating  the 
analysis  of  a space  which  exhibits  multiple 
connectivity  on  the  serial  sections. 
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can  be  shrunk  continuously  until  it  comes  into  one-to-one  correspondence 
with  the  superimposed  node-branch  network.  All  branches  which  cross 
the  sides  of  the  sample  are  assumed  to  be  incident  on  the  external 
node. 

The  second  serial  section  is  considered  and  a node-branch 

network  is  constructed  on  this  section  also.  In  the  process,  any 

differences  between  the  networks  on  the  first  two  sections  are 

noted.  As  each  change  is  observed,  its  effect  on  G™ax,  G™*n  and 

N is  noted  in  order  to  obtain  the  values  of  A G®ax,  and  ^N. 

The  dotted  lines  on  section  2 represent  branches  which  were  present 

on  section  1,  but  not  on  section  2,  The  removal  of  these  branches 

1T1  i 

does  not  change  Gj  or  Gj  , as  these  events  represent  disappearance 

of  branches  (see  Table  4).  The  portion  of  the  node-branch  network 

enclosed  by  the  light  line  on  section  2 was  not  present  in  section 

1.  The  appearance  of  this  portion  of  the  network  adds  one  internal 

branch  to  the  network  and  one  branch  to  the  external  node.  The 

appearance  of  the  internal  branch  increases  both  G™ax  and  G™in  by 

one  (see  Table  4).  The  appearance  of  a branch  to  the  external  node 

increases  G^^  by  one  and  leaves  G^n  unchanged  (see  Table  4). 

When  the  analysis  of  section  2 is  complete,  the  values  of  ^G™3* 

' A .-.min  _ , 

and  4^Gj  are  +2  and  +1,  respectively. 

When  section  3 is  considered,  the  circuit  incident  on  the 
external  node,  which  was  formed  by  the  two  branches  labeled  (1), 
has  collapsed.  As  a result,  G™aX  is  decreased  by  one  and  G™*n 
remains  unchanged  (see  Table  4).  The  circuit,  labeled  (2)  on 
section  2 and  indicated  by  the  dotted  line  on  section  3,  has 


collapsed  when  section  3 is  considered.  As  a result,  both  G^ 
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and  Gj  are  decreased  by  one  (see  Table  4),  The  appearance  of  the 
branch  to  the  external  node  in  the  upper  left  corner  of  the  third 
section  has  no  effect  on  G™cX  or  Gr^n  as  no  circuit  is  formed  by  this 
event.  The  appearance  of  the  branch  circled  by  the  light  line  on 
section  3 increases  both  G^ax  and  G^n  by  one.  The  analysis  of 
section  3 thus  results  in  a value  of  A G j a“  of  -1  and  a value  of 
^Gjln  of  0, 

Two  serial  sections  through  an  actual  sinter  structure  are 
shown  in  Figure  35,  The  node-branch  networks  have  been  constructed 
on  the  sections,  and  a number  of  the  changes  listed  in  Table  4 are 
pointed  out.  For  the  sake  of  illustration,  a rectangular,  rather 
than  a square,  area  is  shown. 

During  the  analysis  of  an  actual  sinter  structure,  all  changes, 
such  as  those  illustrated  in  the  above  examples  and  presented  in 
Table  4,  must  be  tabulated  as  each  section  is  analyzed.  The  procedure 
presented  in  Section  4.6  is  then  employed  to  determine  the  desired 
values  of  Gy3^  and  G™*n,  The  number  of  separate  parts  per  unit 
volume  is  determined  by  the  method  presented  in  Section  4,7, 

The  final  method  of  analysis,  presented  in  this  section,  can 
be  employed  to  determine  the  topological  properties,  genus  per  unit 
volume  and  number  of  separate  parts  per  unit  volume  of  any  structure 
for  which  suitable  serial  sections  are  available.  The  acceptability 
of  the  serial  sections  is  based  on  considerations  such  as  spacing  of 
the  sections  and  distinguishabil ity  of  the  phases  of  interest  on  the 
sections.  This  is  considered  further  in  Chapter  VI, 

Structures  consisting  of  more  than  two  phases  can  be  analyzed 
with  this  method  of  analysis.  In  this  case,  each  phase  must  be 


analyzed  separately 


t]  r«3 
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Section  1 


Section  2 


Sample 

Surface 


A 

B 

C 

D 


- Appearance  of 

- Appearance  of 

- Disappearance 

- Appearance  of 

- Appearance  of 

- Collapse  of  a 


a new  circuit 
a new  branch 
of  a branch 

a connection  between  two  subnetworks 
a branch  to  the  external  node 
circuit  incident  on  the  external  node 


Figure  35,  Two  serial  sections  through  a sample  of  48 
micron  electrolytic  copper  powder  sintered 
to  a density  of  6,05  gm/ce  illustrating 
several  of  the  types  of  changes  which  occur 
as  successive  serial  sections  are  analyzed. 
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As  pointed  out  at  the  beginning  of  this  section,  the  method 
of  analysis  presented  here  cannot  be  employed  to  analyze  a general, 
two-phase  structure;  that  is,  a structure,  both  phases  of  which  have 
isolated  separate  parts.  However,  if  this  method  of  analysis  is 
extended  as  follow’s,  a general  two-phase  structure  can  be  analyzed. 

It  is  only  necessary  to  employ  circuit  collapse  and  disappearance  of 
subnetworks  simultaneously  as  indicators  of  the  presence  of  separate 
parts.  In  this  case,  the  collapse  of  circuits  (Type  1)  indicates  the 
presence  of  separate  parts  of  the  space  complementary  to  the  one 
being  analyzed,  and  the  disappearance  of  subnetworks.  If  they  are 
labeled  X or  if  they  are  the  last  labeled  with  a given  X., 
indicates  the  presence  of  separate  parts  of  the  space  being  analyzed. 


CHAPTER  V 


EXPERIMENTAL  RESULTS 

5 , 1 Introduction 

The  methods  of  analysis  presented  in  Chapter  IV  were  used  to 
determine  the  topological  properties  of  21  copper  sintered  structures. 
The  results  of  this  investigation  are  presented  in  this  chapter, 

A portion  of  a serial  section  used  during  the  analysis  of  each 
structure  is  presented  in  Figures  36  to  53,  Data  on  the  grain  boundary 
structure  were  taken  for  the  48  micron*  spherical  and  electrolytic 
powders;  therefore,  an  etched,  as  well  as  an  unetched,  surface  is 
shown  for  each  of  the  samples  prepared  from  these  powders. 

The  serial  sections  for  the  115  micron  spherical  powder 
samples  shown  in  Figures  36,  37  and  38  were  obtained  by  means  of  the 
Jung  microtome  (see  Section  3,5),  Serial  sections  for  the  sample 
of  the  115  micron  spherical  powder  shown  in  Figure  39  were  obtained 
by  standard  metallographic  polishing  (see  Section  3,5), 

The  samples  which  were  sectioned  with  the  microtome  were 
first  immersed  in  molten  solder.  No  solder  can  be  seen  in  the  void 
space  of  the  lowest  density  samples  shown  in  Figure  36;  however. 


*The  -270  *325  mesh  and  -120  *140  mesh  size  fractions  are  referred  to 
as  48  micron  and  115  micron  powders,  respectively.  These  are  the 
average  dimensions  of  the  holes  in  the  screens  used  to  obtain  these 
size  fractions  (see  Section  3,1), 
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(a) 


<b) 


Figure  36.  Serial  sections  through  115  micron  spherical 
copper  powder  sintered  to  densities  of  (a) 
5,94  and  (b)  6.13  gm/cc  (125  X), 
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(b) 

Figure  37.  Serial  sections  through  115  micron  spherical 
copper  powder  sintered  to  densities  of  (a) 
6.67  and  (b)  7.05  gm/cc  (125  X). 
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(a) 


(b) 

Figure  38,  Serial  sections  through  115  micron  spherical  copper 
powder  sintered  to  densities  of  (a)  7.50  and  (b) 
7.76  gm/cc  (125  X) . 
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Figure  39,  Serial  section  through  115  micron  spherical 
copper  powder  sintered  to  a density  of  3,05 
gm/cc  (125  X) , 
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(a) 


(b) 

Figure  40.  Serial  sections  through  48  micron  spherical 
copper  powder  sintered  to  a density  of  5.91 
gm/cc  (a)  etched  (200  X)  and  (b)  unetched  (130  X), 
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(b) 

Figure  41,  Serial  sections  through  48  micron  spherical 
copper  ponder  sintered  to  a density  of  6.62 
gm/cc  (a)  etched  (200  X)  and  (b)  unetched  (130  X). 
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(a) 


(b) 

Figure  42,  Serial  sections  through  48  micron  spherical 
copper  powder  sintered  to  a density  of  7,26 
gm/cc  (a)  etched  (200  X)  and  (b)  unetched  (130  X). 
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(b) 

Figure  43,  Serial  sections  through  48  micron  spherical 
copper  powder  sintered  to  a density  of  7,74 
gm/cc  (a)  etched  (200  X)  and  (b)  unetched  (130  X). 
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(b) 

Figure  44.  Serial  sections  through  48  micron  spherical 
copper  povder  sintered  to  a density  of  8,00 
gm/cc  (a)  etched  (200  X)  and  (b)  unetched  (130  X), 
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(b) 

Figure  45,  Serial  sections  through  48  micron  spherical 
copper  powder  sintered  to  a density  of  8,25 
gm/cc  (a)  etched  (200  X)  and  (b)  unetched  (130  X), 
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(a) 


(b) 

Figure  46,  Serial  sections  through  48  micron  spherical 
copper  powder  sintered  to  a density  of  8,40 
grc/cc  (a)  etched  (200  X)  and  (b)  unetched  (130  X), 
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(a) 


(b) 

Figure  47,  Serial  sections  through  48  micron  electrolytic 

copper  powder  sintered  to  a density  of  1,30  gm/cc 
and  infiltrated  with  epoxy  («)  etched  (200  X)  and 
(b)  unetched  (100  X), 
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(a) 


(b) 

Figure  48.  Serial  sections  through  48  micron  electrolytic 

copper  powder  sintered  to  a density  of  2,81  gm/cc 
and  infiltrated  with  epoxy  (a)  etched  (200  X)  and 
(b)  unetched  (100  X), 
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(a) 


(b) 

Figure  49,  Serial  sections  through  48  micron  electrolytic 

copper  powder  sintered  to  a density  of  3,99  grr./cc 
and  infiltrated  with  epoxy  (a)  etched  (200  X)  and 
(b)  ur.etched  (100  X), 
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(b) 

Figure  50,  Serial  sections  through  48  micron  electrolytic 

copper  powder  sintered  to  a density  of  4,96  gm/cc 
and  infiltrated  with  epoxy  (a)  etched  (200  X)  and 
(b)  unetched  (100  X), 
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(b) 

Figure  51,  .Serial  sections  through  48  micron  electrolytic 

copper  powder  sintered  to  a density  of  6,05  gin/cc 
and  infiltrated  with  epoxy  (a)  etched  (200  X)  and 
(b)  unetched  (100  X), 
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(b) 

Figure  52,  Serial  sections  through  48  micron  electrolytic 

copper  powder  sintered  to  a density  of  6,95  gm/cc 
and  infiltrated  with  epoxy  (a)  etched  (200  X)  and 
(b)  unetched  (100  X), 


136 


(a) 


(b) 

Figure  53.  Serial  sections  through  48  micron  electrolytic 

copper  powder  sintered  to  a density  of  7.92  gm./cc 
and  infiltrated  with  epoxy  (a)  etched  (200  X)  and 
(b)  unetched  (100  X). 
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Figure  54.  Photomicrograph  of  48  micron  electrolytic 

powder  sintered  to  a density  of  80 45  gm/cc, 
etched  (200  X) , 
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this  structure  remained  brittle  after  immersion  in  the  solder  so 
that  it  was  possible  to  obtain  sections  which  allowed  particle 
contacts  to  be  counted.  Some  solder  is  present  in  the  void  space 
of  the  structures  shown  in  Figures  37  and  38;  however,  these  samples 
also  became  brittle  after  immersion  in  the  liquid  solder. 

All  serial  sections  for  the  48  micron  spherical  and  electro- 
lytic  powder  samples  were  prepared  by  metal lographlc  polishing. 

The  void  space  of  the  48  micron  electrolytic  powder  samples 
shown  in  Figures  47  to  53  was  filled  with  epoxy  before  the  samples 
were  sectioned  (see  Section  3.5). 

5 • 2 Topological  Properties  of  the  115  Micron  Spherical  P owner 

5,2,1  Genus  per  Gram  Data 

The  results  for  those  samples  of  the  115  micron  powder  for 
v/hich  contacts  per  particle  were  counted  (see  Section  4.2  for 
method  of  analysis)  are  presented  in  Table  5,  The  average  value  of 
contacts  per  particle,  C/P,  is  presented  along  with  the  standard 
deviation  of  C'P,  The  number  of  particles  counted  for  each  sasnple 
is  also  given,  as  well  as  the  number  of  particles  which  must  be 
counted  in  order  to  have  90  per  cent  confidence  that  the  difference 
between  the  experimentally  determined  value  of  C/P  and  the  true 
value  is  less  than  5 per  cent.  This  Is  according  to  the  Central 
Limit  Theorem  of  statistical  analysis  f 24"]. 

In  the  process  of  determining  C/P,  the  number  of  particles 
having  a given  number  of  contacts  is  determined.  As  a result,  the 
fraction  of  all  particles  having  a given  number  of  contacts  can  be 
calculated.  These  data  and  the  corresponding  frequencies  are 


Table  5,  Data  for  those  samples  for  which  contacts  per  particle  were  counted 
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presented  in  Table  6 for  the  115  micron  spherical  powder  sintered 
to  a density  of  6.15  gm/cc  (Vy  = 0.314).  From  these  data,  the 
frequency  distribution  of  contacts  per  particle  can  be  plotted  as 
shown  in  Figure  55. 

The  genus  per  unit  volume  of  the  samples,  for  which  values  of 
C/P  are  given  in  Table  5,  was  calculated  using  equation  (6).  Since 
each  contact  lies  between  two  particles,  the  value  of  Cy/Py  is 
one-half  the  average  number  of  contacts  per  particle,  C/P.  In 
order  to  calculate  the  number  of  particles  per  unit  volume,  Py, 
for  each  of  the  two  spherical  size  fractions,  it  is  necessary  to 
know  the  average  diameter,  D,  of  the  particles  of  each  size 
fraction.  For  the  115  micron  powder,  the  square  screen  openings 
are  0,125  and  0,105  mm  on  a side,  respectively.  The  diameter  used 
in  this  case  is  the  average  of  these,  0.115  mm.  For  the  48  micron 
powder,  the  screen  openings  are  0.052  and  0,044  mm,  respectively, 
and  the  average  diameter  in  this  case  is  0,048  mm. 

Equation  (8)  was  used  to  calculate  the  number  of  particles 
per  gram,  P p , for  the  two  spherical  size  fractions.  The  number 
of  particles  per  gram  for  the  48  and  115  micron  spherical  powders 
are  1.93  x 10^  and  1,405  x 10^,  respectively. 

During  the  course  of  this  work,  all  values  of  genus  per  unit 
volume  were  converted  to  genus  per  gram  by  dividing  the  value  of 
genus  per  unit  volume  for  the  material  by  the  density  of  the  material. 
This  was  done  because  the  specific  volume  of  a sinter  body  generally 
decreases  throughout  the  course  of  sintering  and  this  volume  change 
can  mask  changes  occurring  in  the  genus  of  the  structure.  For  example, 
a sinter  body  can  undergo  shrinkage  without  any  accompanying  change 
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Table  6.  Frequency  of  the  number  of  contacts  per  particle  for  a 
sample  of  115  micron  spherical  copper  powder  sintered 
to  a density  of  6.15  gm/cc  (Vv  = 0,314). 


Number  of 
Contacts 

Number  of 
Particles 

Frequency  (%)  = 
(Number  of 
Particles'201) 
x 100 

3 

1 

0.50 

4 

7 

3.48 

5 

27 

13.44 

6 

43 

21.40 

7 

62 

30.85 

8 

36 

17.90 

9 

16 

7.96 

10 

9 

Total  « 201 

4.48 

Total  100 
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Figure  55,  Frequency  distribution  of  contacts  per  particle 
for  115  micron  spherical  copper  powder  sintered 
to  a density  of  6,15  gm/cc  (Vv  •=■  0,314), 
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in  its  topological  state;  however,  as  a result  of  this  shrinkage, 

Gy  increases.  Thus,  Gy  is  not  a desirable  parameter  to  employ  when 
monitoring  the  course  of  sintering.  On  the  other  hand,  G«  is  only 

r 

affected  by  changes  in  the  topological  state  of  the  structure  and 
thus  is  a suitable  parameter. 

The  values  of  G „ calculated  from  the  data  in  Table  5 are 

P 

plotted  versus  volume  fraction  of  porosity,  Vy,  in  Figure  56  for 
the  115  micron  powder.  These  data  points  are  designated  G (cjp) 
to  indicate  that  they  were  obtained  by  counting  contacts  per 

particle.  The  indicated  spreads  in  the  values  of  G ,,  (C/P)  are  a 

fJ 

result  of  the  _+5  per  cent  confidence  limits  on  the  corresponding 
values  of  C/P,  The  estimated  range  of  *1  per  cent  in  the  values 
of  density  is  also  indicated. 

Values  of  Gp  ” and  Gp  u were  obtained  for  the  115  micron 
powder  at  densities  of  6,67  grn/cc  (Vy  « 0.256)  and  7,05  grc/cc 
H 0,213)  by  the  method  of  analysis  presented  in  Section  4.9 
after  this  method  of  analysis  was  developed.  The  metal  space  of 
these  samples  was  analyzed.  In  general,  the  space  with  the  lowest 
volume  fraction  should  be  chosen  for  analysis,  as  pointed  out  in 
Section  6,13,  This  was  not  done  for  these  two  samples  because 
the  void  space  of  the  7, 05  gm/cc  (Vy  a 0,213)  sample  was  analysed 
previously  by  the  method  of  Kronsbein,  et  a^,  (Section  4,3)  to 

Ifl£X 

determine  , The  metal  space  was  therefore  analyzed  in  order 
to  check  the  results  of  the  previous  analysis.  The  metal  space  of 
the  6,67  gm/cc  (Vy  » 0.256)  sample  was  also  analyzed  since  the 


results  of  the  analysis  of  the  metal  space  of  the  7,05  gm/cc 


(Spread  Indicates  Maximum 
and  Minimum  Values) 
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Figure  56,  Genus  per  gram  and  number  of  separate  parts  per  gram  versus  volume  fraction  of  porosity 
for  115  micron  spherical  copper  powder. 
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sample  agreed  well  with  the  analysis  of  the  void  space.  It  is 
reasonable  to  expect  the  analysis  of  the  metal  space  of  a sample 
with  a lower  density  to  contain  a smaller  error  (see  Section  6,13), 
Therefore,  the  results  of  the  analysis  of  the  metal  space  of  the 
6,67  gm/cc  sample  should  be  in  good  agreement  with  the  actual  value 
of  genus. 

The  plots  of  cumulative  genus  versus  volume  analyzed  are 
presented  in  Figures  57  and  58  for  the  6,67  and  7.05  gm/cc  samples, 
respectively.  The  slopes  of  the  lines  through  the  data  points 
wTere  taken  as  the  desired  values  of  genus  per  unit  volume.  The 
values  obtained  are  presented  in  Table  7 and  in  Figure  56.  In  this 
figure,  the  two  values  are  represented  by  open  circles.  The  value 
for  the  6.67  gm/cc  sample  has  an  upper  and  lower  limit  obtained 
from  the  slopes  of  the  plots  of  Figure  57.  The  value  for  the  7.05 
gm/cc  sample  has  no  upper  and  lower  limit,  as  the  slopes  of  the 
maximum  and  minimum  cumulative  genus  versus  volume  analyzed  plots, 
shown  in  Figure  58,  are  the  same  within  the  scatter  of  the  data. 

The  reason  for  this  is  considered  in  Section  6,13,5. 

Values  of  Gv  were  also  obtained  for  the  115  micron  powder 
at  pore  volume  fractions  of  0.213,  0.163,  0.134  and  0.120  by 
applying  the  method  of  analysis  presented  in  Section  4.3  to  the 
void  space  of  these  samples.  The  analysis  of  these  samples  was 
performed  before  the  technique  of  taking  the  slope  of  a plot  of 
cumulative  genus  versus  volume  analyzed  was  developed.  For  each  of 
these  samples,  a plot  of  the  cumulative  values  of  genus  per  unit 
volume  versus  number  of  sections  analyzed  was  made.  The  value  of 
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Table  7. 


Values  of  genus  per  gram  for  115  micron  spherical  copper 
powder  sintered  to  densities  of  6.67  and  7,05  gm/cc. 


Maximum 

Minimum 

Volume 

Genus  per 

Genus  per 

Sample 

Fraction 

Unit  Mass 

Unit  Mass 

Density 

of  Porosity 

maxx^  ^ 

G/>  minx^0 

6.67 

0.256 

2.38 

2.18 

7.05 

0.213 

1.35* 

1.35* 

*Slopes  of  the  maximum  and  minimum  curves  could  not  be  differentiated. 
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Figure  57 


Cumulative  genus  versus  volume  analyzed  for 
115  micron  spherical  copper  powder  sintered  to 
a density  of  6,67  gm/cc  (Vv  = 0,256), 


Cumulative  Genus 
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Figure  58,  Cumulative  genus  versus  volume  of  material  analyzed 
for  115  micron  spherical  copper  powder  sintered  to 
a density  of  7,05  grn/cc  (Vv  «=  0.213), 
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the  ordinate  at  which  such  a curve  approaches  zero  slope  is  the 
desired  value  of  G™ax,  as  indicated  in  Section  4.3,  These  curves 
are  shown  in  Figure  59,  The  estimated  range  of  the  asymptote  is 
indicated  next  to  each  curve.  The  ranges  are  drawn  below  the 
corresponding  curves  because,  according  to  Steele  [3],  these  curves 
converge  slowly  to  the  asymptotic  value  (see  Appendix  1). 

After  the  technique  of  taking  the  slope  of  a plot  of  cumulative 
number  versus  volume  analyzed  as  the  desired  volume  density  had 
been  developed  by  Steele  {_ 3~]  (see  Section  4,6  and  Appendix  1),  these 
plotswere  made  for  the  samples  under  consideration.  However,  the 
number  of  sections  analyzed  was  not  large  enough  to  allow  the  slopes 
to  be  determined  to  greater  accuracy  than  the  ranges  indicated  for 
the  asymptotes  in  Figure  59,  Therefore,  these  ranges  are  used  as 
the  1 imits  on  the  values  of  for  each  of  the  corresponding 

samples.  These  values  are  converted  to  values  of  G™ax  and  plotted 
versus  pore  volume  fraction  in  Figure  56,  These  values  are  also 
presented  in  Table  8,  The  indicated  ranges  correspond  to  the  maximum 
and  minimum  limits  of  the  estimated  range  of  the  asymptote.  The 
estimated  range  of  ±L  per  cent  in  the  values  of  density  is  also 
indicated.  The  bottom  of  the  spread  is  taken  as  the  actual  value 
of  genus  per  gram  because,  as  mentioned  above,  these  curves  converge 
slowly  to  the  asymptotic  value, 

5,2,2  Number  of  Separate  Parts  per  Gram  Data 

Only  one  value  of  separate  parts  per  gram  was  determined  for 
the  115  micron  powder.  The  material  with  a density  of  8,05  gm/ce 
was  serial  sectioned  by  standard  metallograp'nic  polishing  procedures 
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Figure  59.  Cumulative  genus/volume  analyzed  versus  number  of  sections  analyzed  for  four 
samples  of  115  micron  spherical  copper  powder  sintered  to  the  indicated 
densities.  ‘ 
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(see  Section  3.5),  which  allows  the  detection  of  separate  parts. 

The  remaining  samples  of  the  115  micron  powder  were  serial  sectioned 
with  a microtome  after  infiltrating  the  void  space  with  solder 
(see  Section  3,5).  Since  separate  parts  are  not  filled  with  solder 
by  this  process,  they  can  be  smeared  over,  and  therefore  not 
observed  when  the  sample  is  cut  by  the  microtome. 

The  number  of  separate  parts  per  gram  for  the  8.05  gm/cc 
sample  is  given  in  Figure  55  and  in  Table  8,  The  number  of  separate 
parts  per  unit  volume  for  this  sample  was  determined  from  the  slope 
of  the  plot  of  cumulative  number  of  separate  parts  versus  volume 
analyzed  shown  in  Figure  60.  Since  linearity  appears  to  have  been 
reached  in  this  plot,  even  with  the  few  data  points  obtained,  the 
slope  is  taken  as  the  number  of  separate  parts  per  unit  volume 
rather  than  the  asymptote  of  the  plot  of  cumulative  volume  density 
of  separate  parts  versus  volume  analyzed.  This  latter  curve  is 
also  shown  in  Figure  60,  The  slope  of  the  cumulative  number  curve 
is  taken  as  the  value  of  the  asymptote  indicated  in  this  figure. 

The  115  micron  size  fraction  has  a small  amount  of  gas 
porosity  in  the  as-manufactured  state.  Some  gas  pores  can  be  seen 
in  Figure  36,  It  was  estimated  from  serial  sections  through  the 
low  density  samples  that  about  one  particle  in  25  contains  an 
internal  gas  pore.  This  is  equivalent  to  0,50  x 10^  pores  per 
gram  of  material.  Thus,  more  than  one-third  of  the  separate  parts 
present  in  the  8.05  gm/cc  sample  could  be  gas  porosity.  The  actual 
contribution  of  gas  porosity  is  probably  less  than  this  as  most  of 
the  gas  pores  are  small  (10  microns  or  less),  and  therefore  may 
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Table  8.  Genus  per  gram  and  number  of  separate  parts  per  gram  data 
for  115  micron  spherical  copper  powder  sintered  to  four 
different  densities. 


Density 

Pore 

Volume 

Fraction 

Vv 

Upper 

Limit 

Lower  Limit 

GyXlO"6 

(cc-1) 

G^  xlO-5 
(am-*) 

GyXlO'6 

(cc"1) 

Gp  xlO"5 
(pm"1 ) 

7.05 

0.213 

1.150 

1.631 

0.950 

1.348 

7.50 

0.163 

0.725 

0.967 

0.550 

0.734 

7.76 

0.134 

0.475 

0.612 

0.375 

0.483 

8.05 

0.102 

0.275 

0.342 

0.175 

0.217 

Number  of  Separate  Parts 


Pore 

Volume 

Fraction 

Density  Vv 


N 


P 


ti 


8.05 


0.102 


0.15  x 105(g-1) 


Cumulative  Number  of  Separate  Parts 
Cumulative  Volume  Density  of  Separate  Parts  (cm 
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Figure  60.  Cumulative  number  and  cumulative  volume  density  of 
separate  parts  versus  volume  analyzed  for  115 
micron  spherical  copper  powder  sintered  to  a 
density  of  3.05  grr./cc  (Vv  «=  0,102), 
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disappear  early  in  the  sintering  process.  Thus,  the  number  of 
separate  parts  per  unit  volume  determined  from  the  slope  of  the 
cumulative  number  plot  of  Figure  60  is  taken  as  the  actual  value. 

It  should  jbe  noted,  however,  that  gas  porosity  may  contribute  to 
this  value, 

5,3  Topological  Properties  of  the  48  Micron  Spherical  Powder 

5,3,1  Genus  per  Gram  Data 

A plot  of  genus  per  gram  versus  volume  fraction  of  porosity 
for  the  48  micron  spherical  powder  is  shown  in  Figure  61,  The 
genus  of  the  two  low-density  samples  was  determined  from  the  contacts 
per  particle  data  presented  in  Table  5,  The  void  space  of  each  of 
the  other  five  samples  of  this  size  fraction  was  analyzed  by  means 
of  Method  II,  which  was  presented  in  Section  4,5,  The  cumulative 
genus  versus  volume  analyzed  plots  for  these  samples  are  presented 

in  Figures  62  to  66,  The  values  of  G*lax  and  which  were 

r f 

determined  from  the  slopes  of  the  lines  through  the  data  points  are 
given  in  Table  9 and  plotted  versus  pore  volume  fraction  in  Figure 
61,  The  estimated  1 per  cent  uncertainty  in  the  values  of 
density  is  also  indicated  for  each  data  point  in  Figure  61,  The 
maximum  value  of  genus  is  taken  as  the  value  of  genus  for  the  6,62 
gm/cc  (Vy  «a  0,261)  sample  because  a small  number  of  closed  channels 
were  observed  for  this  material,  as  can  be  seen  in  Figure  41, 
Therefore,  the  genus  must  decrease  with  any  further  sintering. 

Recall  that  contacts  per  particle  are  not  used  to  determine  the 
genus  after  channel  closure  has  begun.  However,  very  few  closed 
channels  are  present  in  this  material  so  the  value  of  genus 
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Table  9,  Values  of  genus  per  gram  for  the  48  micron  spherical  copper 
powder  sintered  to  densities  of  7.26,  7.74,  8.00,  8.25  and 
8,40  gm/cc. 


Sample 

Density 

(gm/cm3) 

Volume 

Fraction 

Porosity 

G.  x 10-6 

f*  max 

<V  „in  * 10'6 

7.26 

0.190 

1.20 

1.08 

7.74 

0.136 

0.62 

0.49 

8.00 

0.107 

0.32 

0.23 

8.25 

0.079 

0.058 

0.02 

8.40 

0.062 

0 

0 
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Figure  61,  Genus  per  gram  versus  volume  fraction  of 
porosity  for  48  micron  spherical  copper 
powder. 
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Figure  62,  Cumulative  genus  versus  volume  analyzed  for  AS 
micron  spherical  copper  powder  sintered  to  a 
density  of  7,26  gm/cc. 
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Figure  63.  Cumulative  genus  versus  volume  analyzed  for  48 
micron  spherical  copper  powder  sintered  to  a 
density  of  7.74  gm/cc. 
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64,  Cumulative  genus  versus  volume  analyzed  for  48 
micron  spherical  copper  powder  sintered  to  a 
density  of  8,00  gm/cc. 
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Figure  65.  Cumulative  genus  versus  volume  analyzed  for  48 
micron  spherical  copper  powder  sintered  to  a 
density  of  8,25  gm/cc. 
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Figure  66,  Cumulative  genus  versus  volume  analyzed 
for  43  micron  spherical  copper  powder 
sintered  to  a density  of  8,40  gm/cc. 
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obtained  by  counting  contacts  per  particle  contains  negligible  error 
as  a result  of  their  presence. 

5,3.2  Number  of  Separate  Parts  per  Gram  Data 

The  values  of  separate  parts  per  gram  for  the  five  samples 
of  the  48  micron  spherical  powder  with  densities  greater  than  7.0 
gm/cc  are  plotted  versus  volume  fraction  of  porosity  in  Figures  67 
and  99,  The  respective  plots  of  cumulative  number  of  separate 
parts  versus  volume  analyzed  are  shown  in  Figures  68  to  72.  The 
solid  lines  through  the  data  points  were  used  to  determine  the 
slopes  of  the  curves.  Two  plots  are  shown  in  each  figure;  one 
represents  all  separate  parts  observed,  and  the  other  separate 
parts  appearing  on  two  or  more  serial  sections.  The  latter  are 
referred  to  as  large  separate  parts.  The  small  separate  parts, 
those  appearing  on  only  one  serial  section,  are  less  than  8,6 
microns  in  diameter,  which  is  the  average  distance  between  three 
serial  sections.  These  small  separate  parts  are  all  nearly  spherical 
in  shape.  This  is  attributed  to  their  small  size  which  allows 
surface  rounding  to  occur  rapidly  so  that  any  irregularities  are 
quickly  removed. 

The  number  of  small  separate  parts  per  gram  varies  with 
increasing  density  in  such  a way  that  it  is  improbable  that  they 
are  the  result  of  pits  produced  during  the  polishing  of  the  samples. 
Also  recall  that  the  solid-copper  ring  around  the  samples  was 
checked  to  ensure  that  pits  were  not  formed  as  a result  of  the 


polishing  process 


Number  of  Separate  Parts  (g 


163 


0 


Figure  67.  Number  of  separate  parts  per  gram  (all  and 

large)  versus  volume  fraction  of  porosity  for 
48  micron  spherical  copper  powder. 
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Figure  68.  Cumulative  number  of  separate  parts  versus 
volume  analyzed  for  48  micron  spherical 
copper  powder  sintered  to  a density  of 
7,26  gm/cc. 
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Figure  69.  Cumulative  number  of  separate  parts  versus 
volume  analyzed  for  48  micron  spherical 
copper  powder  sintered  to  a density  of 
7,74  gm/cc. 
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Figure  70.  Cumulative  number  of  separate  parts  versus 
volume  analyzed  for  48  micron  spherical 
copper  powder  sintered  to  a density  of 
8,00  gm/cc. 
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, Cumulative  number  of  separate  parts  versus 
volume  analyzed  for  48  micron  spherical 
copper  powder  sintered  to  a density  of 
8,25  gm/cc. 


Figure  71 


Cumulative  Number  of  Separate  Parts 
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Figure  72.  Cumulative  number  of  separate  parts  versus 
volume  analyzed  for  48  micron  spherical 
copper  powder  sintered  to  a density  of 
8,40  gitj/cc. 
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The  values  of  separate  parts  per  gram  shown  in  Figure  67 
were  determined  from  the  slopes  of  the  respective  plots  of  all 
separate  parts  versus  volume  analyzed.  The  values  of  number  of 
separate  parts  per  gram  obtained  from  the  slopes  of  the  curves 
shown  in  Figures  68  to  72  are  given  in  Table  10,  The  total  number 
of  separate  parts,  also  referred  to  as  all  separate  parts,  is  equal 
to  the  sum  of  the  number  of  large  and  small  separate  parts. 

The  total  number  of  separate  parts  and  the  number  of  large 
separate  parts  are  plotted  versus  Vy  in  Figure  67,  The  number  of 
small  separate  parts  is  plotted  versus  Vy  in  Figure  99,  The  total 
number  of  separate  parts  is  again  plotted  in  Figure  99, 

5,4  Topological  Properties  of  the  48  Micron  Electrolytic  Powder 

5,4.1  Genus  per  Gram  Data 

A plot  of  genus  per  gram  versus  volume  fraction  of  porosity 
for  the  48  micron  electrolytic  powder  is  shown  in  Figure  73.  The 
genus  of  the  five  lowest  density  samples  was  determined  by  analyzing 
the  metal  space  of  the  structures  by  means  of  Method  III  (see 
Sections  4,8  and  4,9),  The  cumulative  genus  versus  volume  analyzed 
plots  for  these  samples  are  presented  in  Figures  74  to  78.  The 
void  space  of  the  sample  with  a density  of  6,05  gm/cc  was  also 
analyzed.  The  cumulative  genus  versus  volume  analyzed  plot  for  this 
sample  is  presented  in  Figure  79.  The  genus  of  the  remaining  two 
highest  density  samples  was  determined  by  analyzing  the  void  space 
of  the  structures.  The  cumulative  genus  versus  volume  analyzed 
plots  for  these  samples  are  presented  in  Figures  80  and  81, 
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Table  10,  Number  of  separate  parts  per  gram  data  for  the  48  micron 
spherical  and  electrolytic  copper  powders. 


Total  Number 

Number  of 

Number  of 

Sample 

Volume 

of  Separate 

Large  Separate 

Small  Separate 

Density 

Fraction 

Parts  Per 

Parts  Per 

Parts  Per 

(gm/ ciii^) 

Porosity 

Gram  x 10”^ 

Gram  x 10“^ 

Gram  x 10”^ 

-270  *325  Mesh  Spherical  Powder 


7.26 

0.190 

0.0593 

0.0196 

0.0397 

7.74 

0.136 

0.145 

0.0646 

0.080 

8.00 

0.107 

0.175 

0.0863 

0.088 

8.25 

0.079 

0.193 

0.142 

0.051 

8.40 

0.062 

0.249 

0.208 

0.041 

-270 

+325  Mesh  Electrolytic  Powder 

4.96 

0.446 

0 

- 

- 

6.05 

0.325 

0.105 

- 

- 

6.95 

0.224 

0.272 

- 

- 

7.92 

0.116 

0.402 

0.281 

0.121 

8.45 

0.057 

0.0829  to 
0.109 

- 

- 
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Figure  73.  Genus  per  gram  versus  volume  fraction  of  porosity  for 
48  micron  electrolytic  copper  powder. 
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, Cumulative  genus  versus  volume  analyzed  for  48 
micron  electrolytic  copper  powder  sintered  to 
a density  of  1,30  gm/cc  obtained  by  analysis 
of  the  metal  space. 


Figure  74 
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Figure  75,  Cumulative  genus  versus  volume  analyzed  for  48 
micron  electrolytic  copper  powder  sintered  to 
a density  of  2,81  gm/cc  obtained  by  analysis 
of  the  metal  space. 
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Figure  76,  Cumulative  genus  versus  volume  analyzed  for  48 
micron  electrolytic  copper  powder  sintered  to 
a density  of  3,99  gm/cc  obtained  by  analysis 
of  the  metal  space. 
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■*  77,  Cumulative  genus  versus  volume  analyzed  for  48 
micron  electrolytic  copper  powder  sintered  to 
a density  of  4,96  gm/cc  obtained  by  analysis 
of  the  metal  space. 
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Figure  78,  Cumulative  genus  versus  volume  analyzed  for  48 
micron  electrolytic  copper  powder  sintered  to 
a density  of  6,05  gm/cc  obtained  by  analysis 
of  the  metal  space. 
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Figure  79,  Cumulative  genus  versus  volume  analyzed  for  45 
micron  electrolytic  copper  powder  sintered  to 
a density  of  6,05  gin/cc  obtained  by  analysis  of 
the  void  space. 
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Figure  80.  Cumulative  genus  versus  volume  analyzed  for  48  micron  electrolytic  copper 
powder  sintered  to  a density  of  6,95  gm/cc  obtained  by  analysis  of  the 
void  space. 
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Figure  81.  Cumulative  genus  versus  volume  analyzed  for  48  micron  electrolytic  copper 
powder  sintered  to  a density  of  7.92  gm/cc  obtained  by  analysis  of  the 
void  space. 
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The  values  of  and  G£in  which  were  determined  from  the 

slopes  of  the  lines  through  the  curves  in  Figures  74  to  81  are 
given  in  Table  11  and  plotted  versus  volume  fraction  of  porosity 
in  Figure  73,  The. est imated  1 per  cent  uncertainty  in  the  values 
of  density  is  indicated  by  the  vertical  bars  above  each  data  point 
in  Figure  73, 

5,4,2  Number  of  Separate  Parts  per  Gram  Data 
The:  values  of  separate  parts  per  gram  for  the  electrolytic 
powder  are  given  in  Table  10  and  plotted  versus  volume  fraction 
of  porosity  in  Figure  82,  The  respective  plots  of  cumulative  number 
of  separate  parts  versus  volume  analysed  are  shown  in  Figures  83, 

84  and  85,  The  solid  lines  through  the  data  points  were  used  to 
determine  the  slopes  of  the  curves.  The  number  of  small  separate 
parts  was  determined  for  only  one  sample  at  a density  of  7,92  gm/ec. 
These  small  separate  parts  appear  on  only  one  serial  section  and 

f f 

are  less  than  3,2  microns  in  diameter.  This  is  the  average  distance 
between  three  serial  sections  employed  in  the  analysis  of  the 
electrolytic  powder.  As  pointed  out  in  Section  5,5,  these  small 
separate  parts  are  nearly  spherical  in  shape.  The  number  of  large 
separate  parts  given  in  Table  10  for  the  7,92  gm/cc  sample  represents 
the  difference  between  the  total  number  of  separate  parts  and  the 
number  of  small  separate  parts. 

The  number  of  separate  parts  given  in  Table  10  for  the  8,45 
gm/cc  sample  was  not  obtained  by  means  of  the  serial  sectioning 
technique.  This  sample  was  not  included  in  the  seven  samples  of 
the  electrolytic  powder  which  were  serial  sectioned  together.  The 
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Table  11,  Values  of  genus  per  gram  for  the  48  micron  electrolytic 
copper  powder. 


Sample 
Density 
(gm/cnr ) 

Volume 

Fraction 

Porosity 

max  * ,0'6 

Gf>  min  x 10 

c : i . 30 

0.855 

39.4 

32,8 

' 2.81 

0.686 

24.9 

17.1 

3.99 

0.555 

5.33 

4.62 

4.96 

0.446 

6.10 

5.48 

6.05 

0.325 

2.52 

2.27 

6.95 

0.224 

0.917 

0.731 

7.92 

0.116 

0.0683 

0.0283 

Number  of  Separate  Parts  (g" 
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Figure  82,  Number  of  separate  parts  per  gram  versus 
volume  fraction  of  porosity  for  48  micron 
spherical  and  electrolytic  copper  powders. 
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Figure  83,  Cumulative  number  of  separate  parts  versus 
volume  analyzed  for  48  micron  electrolytic 
copper  povder  sintered  to  a density  of  6,05 
gm/cc. 
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. Cumulative  number  of  separate  parts  versus 
volume  analyzed  for  48  micron  electrolytic 
copper  powder  sintered  to  a density  of  6.95 
gm/cc. 
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Figure  85,  Cumulative  number  of  separate  parts  versus  volume  analyzed  for  48 

micron  electrolytic  copper  powder  sintered  to  a density  of  7.92  gm/cc 
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analysis  of  the  seven  samples  was  completed  before  it  was  decided 
to  analyze  the  8,45  gm/cc  material.  It  is  apparent  from  Figure  73 
that  this  structure  has  a genus  of  zero  and  consists  entirely  of 
isolated  separate  parts.  It  was  decided  not  to  serial  section  this 
structure  as  an  estimate  of  the  number  of  separate  parts  per  unit 
volume  could  be  obtained  more  easily  as  follows. 

The  number  of  separate  parts  per  unit  volume  was  determined 
by  application  of  the  quantitative  metal lographic  relation  |~25~J 

Na  « NVD  (19) 

where  is  the  number  of  features,  in  this  case  separate  parts, 
intersecting  unit  area  of  test  plane  through  the  structure,  Ny 
is  the  number  of  separate  parts  per  unit  volume  and  D is  the 
average  distance  in  the  void  space  between  pairs  of  parallel  planes 
tangent  to  the  separate  parts.  The  test  plane  in  this  case  is  a 
microsection  through  the  sinter  structure.  The  value  of  is 
determined  by  counting  the  number  of  separate  parts  which  intersect 
unit  area  of  microsection.  In  order  to  estimate  Ny  by  means  of 
equation  (19),  D must  be  determined.  An  estimate  of  D was  obtained 
for  the  8,45  gm/cc  sample  of  the  electrolytic  powder  as  follows. 

The  value  of  the  mean  pore  intercept  in  the  void  space,  #\  , 
is  given  by  the  relation  r 2 S ] 


where  Vy  is  the  volume  fraction  of  porosity  and  Sy  is  the  surface 
area  of  void-solid  interface  per  unit  volume.  For  a given  micro- 
structure,  the  value  of  I)  is  related  to  )\  by  a geometric  factor,  k. 
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D - kX  (21) 

where  k depends  upon  the  shape  and  size  distribution  of  the  elements 
of  porosity.  For  an  aggregate  of  spheres  of  uniform  size,  k = 3/2; 
however,  the  isolated  separate  parts  are  neither  spherical  nor 
uniform  in  size,  therefore,  k > 3/2. 

If  k is  assumed  to  have  a value  of  1.5  to  2,0  and  equations 
(19),  (20)  and  (21)  are  applied  to  the  8.40  gm/cc  sample  of  the 
spherical  copper  powder,  a value  of  Ny  which  is  in  good  agreement 
with  that  determined  by  means  of  the  serial  section  analysis  is 
obtained.  The  range  for  Ny  given  in  the  fourth  row  of  Table  12, 
calculated  in  this  way,  includes  the  value  of  Nv  given  in  the  last 
row  which  was  obtained  from  the  serial  section  analysis. 

If  the  value  of  k for  the  8,45  gm/cc  sample  of  the  electro- 
lytic powder  is  assumed  to  be  1,5  to  2.0,  which  is  not  unreasonable 
since  the  separate  parts  should  have  approximately  the  same  size 
and  shape  distribution  as  those  in  the  8.40  gm/cc  sample  of  the 
spherical  powder,  then  equations  (19),  (20)  and  (21)  can  be  used  to 
determine  Ny  for  this  sample.  The  range  for  Ny  given  in  the  fourth 
row  of  Table  12  was  obtained  in  this  way  and  is  used  as  an  estimate 
of  Ny  for  the  8.45  gm^cc  sample  of  the  48  micron  electrolytic 
powder. 

5 • 5 Metric  Properties  of  the  48  Micron  Spherical  and  Electrolytic 

Powders 

5.5,1  Surface  Area  Data 

Plots  of  surface  area  of  pore-solid  interface  per  unit  volume 
and  per  unit  mass  versus  volume  fraction  of  porosity  are  shown  in 
Figure  86  for  the  48  micron  spherical  and  electrolytic  copper  powders. 
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Table  12.  Values  of  parameters  used  in  the  estimation  of  the  number  of 
separate  parts  per  gram  for  48  micron  electrolytic  copper 
powder  sintered  to  a density  of  8.45  gm/cc. 


8.45  gm/cm'5  8.40  gm/cm3 

-270  +325  Mesh  -270  +325  Mesh 
Electrolytic Spherical 


Na  (cm"2) 

X (cm-1) 
D (cm"*) 
Nv  (cm-3) 
(g"1) 

N p (g"1) 
Nv  (cm”3) 


(measured) 


x 10*  £from  equation  (20)"] 


x 10*  (from  \ ) 


x 10  6 (from  equation  (19)1 


x 10"6  (converted  from  the 
above  value) 

x 10  6 (from  serial  section 
analysis) 


x 1C"6  (from  serial  section 
analysis) 


4610 

35 

50  to  65 
0.709  to  0.921 
0.083  to  0.109 


8120 

25 

35  to  45 
1.99  to  2.32 
0.236  to  0.276 

0.249 


2.18 


900 

800 

700 

600 

500 

400 

300 

200 

100 

0 

1 

'igm 


Unsintered 
Electrolytic  Powder 
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86,  Surface  area  per  unit  volume  and  surface  area  per 
unit  mass  versus  volume  fraction  of  porosity  for 
48  micron  spherical  and  electrolytic  copper  powders. 
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These  data  are  also  presented  in  Table  13,  The  values  of  surface 
area  per  unit  volume  were  obtained  from  line  intercept  counts  made 
on  microsections  through  the  structures.  The  surface  area  per  unit 
volume,  Sy,  is  given  by 

Sv  - 2Nl  (22) 

where  is  the  average  number  of  intersections  that  unit  length 
of  test  line  makes  with  the  void-solid  interface  [26l, 

The  values  of  surface  area  per  unit  mass  were  obtained  by 
dividing  the  values  of  surface  area  per  unit  volume  by  the  respective 
sample  densities.  The  surface  area  per  unit  volume  of  the  unsintered 
spherical  powder  was  calculated  from  the  particle  size  and  the  density 
of  the  unsintered  powder, 

5,5,2  Curvature  Data 

Values  of  total  curvature  per  unit  volume.  My,*  are  presented 
in  Table  14  and  plotted  against  pore  volume  fraction  in  Figure  87, 

In  order  to  determine  the  values  of  total  curvature  per  unit  volume, 
a tangent  count  [4[  is  made  on  a microsection  through  the  structure. 


*The  total  curvature  per  unit  volume  is  defined  by  the  relation 


My  = HSy 

where  Sy  is  the  surface  area  per  unit  volume  and  H is  the  average 
mean  surface  curvature.  The  mean  surface  curvature,  H,  of  an 
element  of  surface  is  defined  here  by 


where  r^  and  ^ arc  t 

surface  element  [41, 

1(J-  + X);  e.g.,  in 
z rx  r2 


he  principal  normal  radii  of  curvature  of  the 
[it  should  be  noted  that  H may  be  defined  as 
the  mathematical  literature.! 
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Table  13. 

Surface  area  per 
micron  spherical 
to  the  indicated 

unit  volume  and  per  unit 
and  electrolytic  copper 
densities. 

mass  for  48 
powders  sintered 

Sample 

Density 

(gm/cm3) 

Volume 

Fraction 

Porosity 

Vv 

Surface 
Area  per 
Unit  Volume 
Sv(cm^ /cm^) 

Surface 
Area  per 
Unit  Mass 
S^,  (cm^/gm) 

-270  +325  Spherical 

(Gregs;  T 27*1) 

5.20* 

0.420 

700 

133.0 

5.90 

0.340 

458 

77.7 

5.98 

0.332 

520 

87.0 

6,57 

0.266 

460 

70,0 

6.90 

0,230 

362 

52.5 

7.02 

0.216 

356 

50.7 

7.16 

0.201 

330 

46.1 

7.55 

0.157 

250 

33.1 

7.60 

0.152 

226 

29.8 

7.60 

0.152 

235 

30.9 

7.73 

0.137 

218 

28.2 

8.18 

0.088 

137 

16.8 

8.40 

0.062 

101 

12.0** 

-270  +325  Electrolytic  ** 

0.9* 

0.900 

«. 

1.30 

0.855 

811 

624 

2.81 

0.686 

785 

280 

3.99 

0.555 

587 

147 

4.96 

0.446 

676 

136 

6.05 

0.325 

496 

82 

6.95 

0.224 

358 

51 

7.92 

0.116 

250 

32 

8.45 

0.057 

65 

7.7 

*Unsir.tered  powder. 

**Values  determined  during  the  course  of  this  research 
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Figure  87,  Total  curvature  per  unit  volume  versus  volume 
fraction  of  porosity  for  48  micron  spherical 
and  electrolytic  copper  powders. 


o l 


The  total  curvature  per  unit  volume  is  then  obtained  from  the 
relation  [4j 
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MV  » 2^TAnet  (23) 

where  TAnet  is  t’ne  net  tangent  count  per  unit  area  of  microsection 
[28]. 

The  values  of  average  mean  surface  curvature,  H,  are  also 
presented  in  Table  14.  These  values  are  plotted  against  pore 
volume  fraction  in  Figure  88,  The  average  mean  surface  curvature 
is  giver,  by  the  relation  [4] 


where  My  and  Sy  are  the  total  curvature  per  unit  volume  and  surface 
area  per  unit  volume,  respectively, 

5,5,3  Grain  Size  and  Grain  Boundary  Area  Data 
Values  of  grain  boundary  area  per  unit  volume,  Syg1j,  are 
presented  in  Table  15  and  are  plotted  against  pore  volume  fraction 
in  Figure  89,  These  data  were  obtained  by  determining  NLgb,  the 
average  number  of  intersections  that  unit  length  of  test  line  makes 
with  grain  boundaries  on  a microsection  through  the  respective 
structures.  The  values  of  Sy  b were  then  determined  from  the 
relation 

SVgb  " 2NLgb  <25) 

which  is  equation  (22)  applied  to  grain  boundaries  rather  than 
pore-solid  interface. 

The  values  of  grain  boundary  area  per  unit  mass,  S_  , , 

7 D 7 

presented  in  Table  15,  were  obtained  by  dividing  the  respective 
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Table  14,  Curvature  data  for  the  48  micron  spherical  and  electrolytic 
copper  powders. 


Sample 

Density 

(gm/cm-*) 

Volume 

Fraction 

Porosity 

Vv 

Total  Curvature 
per  Unit  Volume 

Mv(cm“3)xl0”5 

Average  Mean 
Surface 
Curvature 
H(cm_l) 

-270  *325  Spherical 

5.20 

0,420 

5,83 

833* 

5,90 

0,340 

2.13 

466 

5,98 

0.332 

1.41 

272 

6,57 

0.266 

-3.09 

-632 

6,90 

0.230 

-3.42 

-946 

7,02 

0.216 

-3,60 

-1010 

7.16 

0.201 

-3,34 

-1011 

7.55 

0.157 

-2.97 

-1189 

7,60 

0.152 

-2.48 

-1098 

7.60 

0.152 

-2.89 

-1230 

7,73 

0.137 

-2.82 

-1297 

8.18 

0,088 

-2.01 

-1468 

8.40 

0.062 

-0.925 

-918** 

-270 

+325  Electrolytic** 

1.30 

0.855 

• 

•• 

2.81 

0,686 

-0,704 

-89.6 

3,99 

0.555 

-0.754 

-128 

4.96 

0.446 

-1.75 

-258 

6.05 

0.325 

-1.72 

-347 

6.95 

0.224 

-2,47 

-689 

7.92 

0.116 

-2.33 

-932 

8.45 

0,057 

-0.551 

-848 

*Unsintered  powder, 

**[29], 


I/(cTn“l) 
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Figure  88,  Average  mean  surface  curvature  versus  volume 

fraction  of  porosity  for  48  micron  spherical  and 
electrolytic  copper  powders. 
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Table  15.  Grain  size  and  grain  boundary  area  data  for  the  48  micron 
spherical  and  electrolytic  copper  powders. 


Sample 

Density 

(gm'cnP) 

Volume 

Fraction 

Porosity 

Vv 

Grain 
Boundary 
Area  per 
Unit  Volume 

svgb 

(cm^/cnP) 

Grain 
Boundary 
Area  per 
Unit  Mass 

/S/0  9yb  x 
(cm-/  gm.) 

Total 
Grain 
Surface 
Area  per 
Unit  Volume 

(»> 

Total 
Grain 
Surface 
Area  per 
Unit  Mass 

ST(^  ) gb 
(cm2/gm) 

Mean 

Grain 

Intercept 

X gr 

(cm)xlO^ 

-270 

+325  Spherical 

5.20* 

0.420 

0 

0 

700 

135 

32 

5.91 

0.340 

47 

8 

644 

109 

41 

6.62 

0.261 

138 

21 

726 

110 

40 

7.26 

0.190 

240 

33 

810 

111 

40 

7.74 

0.136 

287 

37 

783 

103 

44 

8.00 

0.107 

191 

24 

557 

70 

64 

8.25 

0.079 

97 

12 

344 

42 

107 

8.40 

0.062 

56 

6.7 

172 

20 

172 

-270  +325  Electrolytic 

3.99 

0.555 

197 

49 

1014 

254 

17 

4.96 

0.446 

248 

50 

1172 

236 

19 

6.05 

0.325 

236 

39 

968 

160 

28 

6.95 

0.224 

230 

33 

818 

118 

38 

7,92 

0.116 

207 

26 

663 

84 

52 

8.45 

0.057 

66 

7.8 

197 

23 

193 

*Unsintered  powder. 


197 


Vv 


Figure  F9.  Grain  boundary  area  per  unit  volume  versus  volume 
fraction  of  porosity  for  4F  micron  spherical  and 
electrolytic  copper  powders. 
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values  of  grain  boundary  area  per  cc  by  the  sample  densities.  The 
values  of  grain  boundary  area  per  grain  are  plotted  against  pore 
volume  fraction  in  Figure  90, 

Values  of  total  grain  surface  area  per  unit  volume,  Sy^,  are 
also  presented  in  Table  15,  These  values  are  given  by 


SyT  « Su  + 2i 


(26) 


"f  “ “Vgb 

since  grains  in  a sinter  body  are  bounded  by  the  pore-solid  interface 
as  veil  as  by  grain  boundaries.  The  factor  of  two  in  equation  (26) 
is  present  because  each  grain  boundary  is  incident  on  two  grains, 
one  on  each  side  of  the  grain  boundary.  The  values  of  Sy^  are 
plotted  against  pore  volume  fraction  in  Figure  91,  The  values  of 
total  grain  surface  area  per  unit  mass,  presented  in  Table 

15,  were  obtained  by  dividing  the  respective  values  of  total  grain 
surface  area  per  cc  by  the  sample  densities.  The  values  of  total 
grain  surface  area  per  gram  are  plotted  against  pore  volume  fraction 
in  Figure  92, 

«r» 

Values  of  the  mean  grain  intercept,  X are  also  presented 
in  Table  15,  This  parameter  is  given  by  the  relation  [26~j 


X, 


4Vy(sol id) 

r " 


(27) 


where  Vy(solid)  is  the  volume  fraction  of  metal  in  the  sinter  body. 
This  is  equal  to  one  minus  the  pore  volume  fraction.  The  dependence 
of  the  mean  grain  intercept  on  pore  volume  fraction  is  shown  in 
Figure  93  for  both  68  micron  powders. 
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Figure  90,  Grain  boundary  area  per  unit  mass  versus  volume 
fraction  of  porosity  for  48  micron  spherical  and 
electrolytic  copper  powders. 
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Figure  91.  Total  grain  surface  area  per  unit  volume  versus 
volume  fraction  of  porosity  for  48  micron 
spherical  and  electrolytic  copper  powders. 
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Figure  92,  Total  grain  surface  area  per  unit  mass  versus 
volume  fraction  of  porosity  for  48  micron 
spherical  and  electrolytic  copper  powders. 
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Mean  grain  intercept  versus  volume  fraction  of 
porosity  for  48  micron  spherical  and  electrolytic 
copper  powders. 


Figure  93. 


CHAPTER  VI 


DISCUSSION 

6.1  Introduction 

The  results  presented  in  Chapter  V were  obtained  by  the  methods 
of  analysis  presented  in  Chapter  IV,  As  pointed  out  in  Section  4,1, 
these  methods  evolved  during  the  period  of  time  over  which  experi- 
mental measurements  were  being  made.  As  each  method  was  used,  it 
was  modified  until  a newer,  less  cumbersome  or  more  general  method 
was  developed.  As  a result,  the  data  discussed  in  this  chapter 
were  obtained  by  e number  of  different  techniques,  and  in  some  cases 
by  a combination  of  techniques.  Reference  is  made  to  the  method 
or  methods  employed  in  each  case  throughout  this  chapter, 

6.2  Variation  of  the  Genus  and  Number  of  Separate  Parts  with 

Density  for  Spherical  and  Electrolytic  Cooper  Powders 

6,2,1  Genus  of  Spherical  Powders 

6,2„lel  First  stage  sintering.  During  the  first  stage  of  the 
sintering  process,  before  channel  closure  has  started,  the  number  of 
contacts  per  particle  can  be  determined  by  the  method  of  Section  4,2, 
From  these  data,  for  a number  of  particles,  the  distribution  of  the 
number  of  contacts  par  particle  con  be  established.  This  vns  done 
for  one  sample  of  the  115  micron  spherical  powder,  as  pointed  out  in 
Section  5,2, 
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From  the  results  presented  in  Table  5,  it  is  apparent  that 
the  average  number  of  contacts  per  particle  initially  increases 
with  increasing  sample  density.  The  90  per  cent  confidence  limits 
for  5 per  cent  error  for  the  data  points  on  which  tho  initial 
increase  is  based  overlap  for  both  spherical  size  fractions,  as 
shown  in  Figures  56  end  61.  Since  both  size  fractions  exhibit 
this  behavior,  the  increase  is  taken  as  an  actual  effect  end  is  not 
attributed  to  statistical  variation  in  the  data. 

This  behavior  is  expected  as  a result  of  shrinkage  of  the 
sinter  body.  In  a stack  of  unsintcrcd  particles,  there  are  many 
pairs  of  particles  which  are  separated  by  very  small  distances 
relative  to  tno  diameter  of  the  particles.  As  the  stack  of  particles 
is  sintered,  and  shrinkage  occurs,  soma  of  these  pairs  of  particles 
are  brought  into  contact.  Each  event  of  this  type  increases  tho 

number  of  contacts  per  particle  and  also  increases  the  genus 
of  the  sinter  tody  fcy  ono. 

6.2. 1,2  Second  and  third  stage  sintering.  Throughout  tho 
first  stage  of  sintering,  the  contacts  between  particles  increase 
in  size  until  channel  configurations  are  formed.  These  channels 
become  smaller  aa  the  end  of  the  first  stage  is  reached.  Second 
stage  sintering  i3  initiated  when  these  channels  begin  to  close, 
producing  the  decrease  in  genus  with  Increasing  density  indicated 
In  Figures  56  and  61  for  the  two  size  fractions  of  spherical  powder. 
The  decrease  in  genus  with  increasing  density  after  tho  maximum  is 
reached  in  these  two  curves  is  entirely  a result  of  the  channel 
closure  process. 
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The  rate  of  decrease  Is  large  initially,  and  then  decreases 
with  increasing  density.  This  behavior  would  be  expected  from  a 
void  space  having  a distribution  in  channel  sizes  similar  to  that 
shown  in  Figure  94a  where  the  frequency  Is  largest  for  small 
channels.  The  channels  in  a sinter  body  can  be  classified  according 
to  the  size  of  their  smallest  cross-sectional  area,  as  illustrated 
in  Figure  94b,  The  smallest  channels,  referred  to  as  three" 
channels,  are  bounded  by  three  particles,  each  of  which  is  in 
contact  with  the  other  two. 

A large  number  of  three-channels  are  present  in  an  unsintered 
stack  of  a single  size  fraction  of  spherical  particles.  These  are 
the  smallest  channels  possible  In  such  a system.  When  the  stack  of 
particles  Is  prepared  by  pouring  the  powder  into  a container,  the 
stacking  of  the  particles  is  not  perfect  and  some  channels  are 
present  which  are  larger  than  three-channels.  Therefore,  a 
distribution  of  channel  sizes  exists  in  such  a stack  which  is 
qualitatively  similar  to  that  shown  in  Figure  94a,  Under  these 
conditions,  the  variation  of  the  genus  with  pore  volume  fraction 
on  sintering  would  bo  similar  to  that  shown  in  Figures  56  and  61 
for  the  following  reasons. 

The  density  change  associated  with  the  closure  of  a small 
channel  should  be  smaller  than  that  associated  with  the  closure  of 
a large  channel.  Therefore,  the  small  channels  would  be  expected 
to  close  earlier  in  the  sintering  process  than  the  larger  channels. 

As  a result,  a sinter  structure  with  a distribution  of  channel  sizes 
similar  to  that  shown  in  Figure  94n  would  be  expected  to  exhibit  o 
rapid  decrease  in  genus  with  increasing  density  early  in  the  sintering 
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process  and  then  a smaller  rate  of  decrease  later  in  the  process, 
The  large  initial  decrease  is  associated  with  the  closure  of  the 
large  number  of  small  channels  end  the  smaller  rate  of  decrease, 
later  in  the  process,  is  associated  with  the  smaller  number  of 
larger  channels.  This  behavior  is  qualitatively  similar  to  that 
exhibited  by  the  spherical  powders  in  Figures  56  and  61, 

When  the  channel  size  distribution  becomes  narrower,  two 
changes  take  place  in  the  general  features  of  the  genus  versus 
volume  fraction  of  porosity  curve.  First,  the  range  of  density 
over  which  channel  closure  takes  place  becomes  smaller  until,  for 
a close-packed  stack  of  particles,  all  three-channels  close  at  the 
same  density.  This  is  illustrated  schematically  in  Figure  95, 
Second,  the  increase  in  genus  during  the  neck  growth  stage  of 
sintering  is  reduced  until,  for  a close-packed  stack  of  particles, 
there  is  no  initial  increase  in  genus.  This  is  also  illustrated 
schematically  in  Figure  95,  Conversely,  when  the  channel  size 
distribution  becomes  wider  and  the  particle  stacking  becomes  more 
irregular,  the  range  of  density  over  which  channel  closure  takes 
place  becomes  larger,  and  the  increase  in  genus  during  the  neck 
growth  stage  also  becomes  larger. 

When  irregularly  shaped  particles  and  size  distributions  of 
particles  are  considered,  other  channel  size  distributions  are 
possible.  This  will  be  considered  during  the  discussion  of  the 
48  micron  electrolytic  powder  in  Section  6,2,3. 

The  genus  of  the  7,05  gn/cc  (Vv  » 0,213)  sample  of  the  115 
micron  spherical  powder  wa3  determined  by  two  independent  methods. 
The  metal  space  was  analyzed  by  applying  the  method  of  Section  4.9 
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Figure  95.  Illustration  of  the  effect  of  a decrease  in  the 
width  of  the  channel  size  distribution  on  the 
variation  of  the  genus  with  pore  volume  fraction. 
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to  obtain  the  value  represented  by  the  open  circle  in  Figure  56, 

The  void  space  was  analyzed  by  the  method  presented  in  Section  4,5 
to  obtain  the  value  represented  by  the  vertical  bar  in  Figure  56, 

The  latter  value  was  obtained  by  estimating  the  range  of  the  asymptote 
for  the  curve  for  the  7,05  gm/cc  sample  in  Figure  59,  The  estimate 
of  the  asymptote  is  probably  somewhat  high  (see  Appendix  1);  therefore, 
the  value  obtained  from  analysis  of  the  metal  space  is  taken  as  the 
actual  value.  The  agreement  between  the  results  of  the  two  methods 
of  analysis  is  good.  The  values  obtained  by  analyzing  the  void  and 
metal  spaces  should  be  the  same  since  these  manifolds  have  the  same 
connectivity  (see  Section  2,3), 

6,2,2  Variation  of  the  Number  of  Separate  Parts  During 
Sintering  for  a Single  Size  Fraction  of  Spherical 
Copper  Powder 

The  values  of  separate  parts  per  gram  for  the  48  micron 
spherical  powder  shown  in  Figure  106  indicate  that  as  the  genus 
decreases,  the  number  of  separate  parts  increases.  Separate  parts 
do  not  appear  until  after  channel  closure  begins,  as  this  Is  the 
process  by  which  they  are  produced. 

The  number  of  separate  parts  present  at  any  given  time  during 
the  sintering  process  depends  on  several  factors.  When  a large, 
irregularly  shaped,  separate  part  is  isolated,  it  may  remain  as  a 
single  separate  part  or  it  may,  as  a result  of  channel  closure, 
break  up  to  form  a number  of  separate  parts,  A schematic  example 
of  this  is  shown  In  Figure  95,  The  separate  part,  shown  at  the  top 
of  the  figure,  can  break  up  as  a result  of  channel  closure  into 
the  three  separate  parts  shown  in  the  bottom  right-hand  portion 
of  the  figure,  or  it  can  remain  as  a single  separate  part. 
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B’igure  95 


Illustration  of  possible  paths  of  variation  in 
the  shape  of  an  irregularly  shaped  isolated 
separate  part. 
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as  shown  in  the  bottom  left-hand  portion  of  the  figure.  During  the 
latter  process,  the  channels  become  larger  as  a result  of  surface 
rounding  until  the  separate  part  becomes  roughly  spherical  in  shape. 

For  the  ideal  case,  considered  previously,  when  a close- 
packed  stack  of  equal  size  spherical  particles  is  sintered,  the 
plot  of  the  number  of  separate  parts  versus  volume  fraction  of 
porosity,  shown  in  Figure  97a,  results.  The  genus  drops  to  zero, 
and  a number  of  separate  parts  appears  at  the  same  density.  When 
the  stacking  of  the  particles  is  somewhat  irregular,  the  drop  in 
the  genus  occurs  over  a range  of  density,  as  indicated  in  the 
preceding  section,  and  the  increase  in  the  number  of  separate 
parts  occurs  over  nearly  the  same  range  of  density,  as  indicated  in 
Figure  97b,  The  number  of  separate  parts  must  pass  through  a 
maximum  and  decrease  to  zero  at  bulk  density.  No  separate  parts 
can  be  isolated  until  channel  closure  starts;  therefore,  separate 
parts  are  only  present  during  second-  and  third-stage  sintering  and 
only  simply  connected  separate  parts  are  present  during  third-stage 
sintering,  A simply  connected  separate  part  is  topologically 
equivalent  to  a sphere, 

A significant  feature  of  the  separate  parts  observed  during 
the  course  of  this  work  is  that  only  one  was  multiply  connected 
out  of  a total  of  1187  observed  (see  Section  4,5,2),  The  single, 
multiply  connected  separate  part  was  topologically  equivalent  to  a 
torus.  From  this  experimental  observation,  it  is  apparent  that 
essentially  all  separate  parts  are  simply  connected.  As  mentioned 
in  Section  4.5,2,  this  is  substantiated  by  the  computer  model 
results  presented  in  Section  6,7  which  indicate  that  for  a network 
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Figure  97,  Hypothetical  plots  of  genus  and  number  of 
separate  parts  versus  pore  volume  fraction 
for  (a)  perfect  stacking  and  (b)  inperfect 
stacking. 
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undergoing  random  branch  removal,  the  probability  of  isolating 
multiply  connected  separate  parts  is  very  small. 

Consider  the  small  separate  parts  data  obtained  during  the 
course  of  this  research.  Figure  93a  shows  three  spherical  particles, 
each  in  contact  with  the  other  two,  with  a fourth  particle  placed  on 
top,  all  of  which  are  equal  size  spheres.  When  all  channels  incident 
on  such  a hole,  referred  to  as  a tetrahedral  hole,  close,  a separate 
part,  such  as  that  indicated  in  Figure  98b,  is  formed.  The  size 
shown  in  Figure  98b  should  be  approximately  correct  for  such  a 
separate  part,  relative  to  the  diameter  of  the  spherical  particles. 
When  six  to  seven  sections  In  a distance  equal  to  the  diameter  of 
the  spherical  particles  are  passed  through  the  four  particles,  os 
shown  in  Figure  98b,  the  diameter  of  the  separate  part  Is  greater 
than  the  distance  between  two  serial  sections.  Recall  that  six  to 
seven  sections  in  a distance  equal  to  the  diameter  of  the  particles 
were  used  in  the  analysis  of  the  68  micron  spherical  powder;  thus, 
separate  parts  formed  from  tetrahedral  holes  can  be  classified  as 
small  or  large  depending  on  whether  they  are  intersected  by  one  or 
two  serial  sections.  The  size  of  the  separate  part  must  be  smaller 
than  that  shown  In  Figure  98b  before  it  becomes  possible  for  it  to 
remain  unobserved  during  the  analysis. 

Consider  the  curves  of  Figures  67  and  99,  The  ratio  of  the 
number  of  small  to  the  number  of  large  separate  parts  decreases  with 
increasing  density,  as  shown  in  Figure  100,  This  behavior  is  also 
indicated  by  the  computer  model  results  presented  in  Section  6,7, 

This  effect  car.  be  attributed  In  part  to  the  fact  that  it  is 
necessary  to  close  a larger  number  of  channels  in  order  to  isolate 
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Figure  98,  Illustration  of  the  size  of  a Siiiall  separate 
part  relative  to  the  spacing  between  serial 
sections. 
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Figure  99,  Number  of  separate  parts  (all  and  small) 
versus  volume  fraction  of  porosity  for 
48  micron  spherical  copper  powder. 
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Figure  100,  Ratio  of  the  number  of  small  to  the  number  of 
large  separate  parts  versus  volume  fraction  of 
porosity  for  48  micron  spherical  copper  povder. 
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a large  separate  part  (two  or  more  nodes)  than  to  Isolate  a small 
separate  part  (one  node).  As  a result,  it  is  expected  that  when 
only  a small  number  of  channels  have  closed,  it  would  be  most 
probable  for  small  separate  parts  to  be  isolated,  and  as  more 
channels  close,  it  should  become  increasingly  probable  for  largo 
separate  parts  to  be  isolated. 

It  is  likely,  however,  that  the  decrease  in  the  ratio  of  the 
number  of  small  to  the  number  of  largo  separate  parts  with  increasing 
density  is  produced  for  the  most  part  by  the  disappearance  of  small 
separate  parts,  especially  during  the  end  of  second  stage  and 
throughout  third-stage  sintering. 

Consider  the  variation  of  the  number  of  snail  separate  parts 
per  gram  with  increasing  density,  shown  in  Figure  99.  The  number 
of  small  separate  parts  per  gram  first  increases,  reaches  a maximum 
value  and  then  decreases  with  increasing  density.  This  variation 
provides  further  verification  (see  Section  3.5)  that  these  small 
separate  parts  are  not  produced  by  pitting  during  polishing  of  the 
sample  surface.  This  Is  because  such  a pitting  effect  would  not  be 
expected  to  have  such  a large  difference  from  sample  to  sample  since 
the  three  highest  density  samples  were  polished  together. 

The  disappearance  of  the  small  separate  parts  could  be  the 
result  of  their  growing  smaller  until  they  are  no  longer  observed 
and/or  their  growing  larger  until  they  are  no  longer  counted  as 
small,  but  as  large  separate  parts.  The  evidence  which  presently 
exists  indicates  that  the  small  separate  parts  grow  smaller  and 
disappear  rather  than  grow  larger.  Experimental  work  by  Rhines, 

*!•  on  the  sintering  of  copper  and  a theoretical  treatment 
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by  Van  Bueren  and  Hornstra  [""31 "]  support  the  disappearance  of  small 
separate  parts. 

Since  the  small  separate  parts  disappear,  the  number  which 
have  disappeared  for  a given  pore  volume  fraction,  indicated  by 
arrows  in  Figure  99,  must  be  added  to  the  experimentally  observed 
total  number  in  order  to  obtain  an  estimate  of  the  actual  total 
number  of  separate  parts  isolated.  This  was  done  to  obtain  the 
values  indicated  by  triangles  in  Figure  99,  This  figure  indicates 
that  the  rate  of  increase  in  the  experimentally  observed  total  number 
of  separate  parts  with  decreasing  pore  volume  fraction  exhibits  a 
rapid  increase  at  a pore  volume  fraction  of  about  0,075.  This  can 
be  explained  as  follows. 

In  the  density  range  where  the  genus  approaches  zero  (Vy  *, 
0.075),  portions  of  the  void  space  form  tree-like  configurations, 
such  as  that  illustrated  in  Figure  101  a,  as  a result  of  the  random 
closure  of  channels  [31,  As  each  channel  in  a tree  closes,  such  as 
the  one  indicated  by  the  arrow  in  Figure  101a,  the  number  of  separate 
parts  is  increased  by  one  as  two  separate  parts  are  then,  present, 

k’hen  a channel  closes  in  a portion  of  the  structure  which  has 
a non-zero  value  of  genus,  the  number  of  separate  parts  may  remain 
unchanged.  This  is  the  case  when  the  channel  indicated  by  the  arrow 
in  Figure  101b  closes.  Therefore,  the  greatest  increase  in  the 
number  of  separate  parts  per  channel  closure  event  will  occur  in  the 
density  range  where  the  genus  reaches  zero.  Since  the  rate  of 
decrease  in  genus,  or  rate  of  channel  closure,  with  increasing 
density  is  large,  even  in  the  density  range  where  the  genus  reaches 
zero  (see  Figures  56  and  61),  the  rate  of  increase  in  the  number 
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Figure  101.  Schematic  separate  parts  illustrating  the  effect 

of  channel  closure  on  the  number  of  separate  parts. 


220 


of  separate  parts  with  increasing  density  is  largest  in  this  density 
range. 

The  number  of  separate  ports  por  gram  is  zero  at  bulk  density; 
therefore,  tho  number  of  separate  parts  per  gran  must  pass  through  a 
naxitniia  and  then  decrease  with  Increasing  density.  This  decrease 
was  observed  for  the  48  micron  electrolytic  powder,  as  shown  In 
Figuro  82,  The  geometric  process  by  which  the  number  of  separate 
parts  decreases  is  the  disappearance  of  small  separate  parts, 

6,2,3  Variation  of  tho  Genus  During  Sintering  for  48  Micron 
Electrolytic  Copper  Powdor 

Consider  the  plot  of  genus  per  gram  versus  volume  fraction  of 
porosity  for  the  48  micron  electrolytic  powder  shown  in  Figure  73, 
The  particles  of  this  powder  are  very  irregular  in  shape,  as  shown 
in  tho  photomicrograph  In  Figure  6.  As  a result,  the  unsintered 
powder  has  a very  lew  density  (Vy  » 0.9),  about  10  per  cent  of  the 
theoretical  density  of  copper. 

The  lowest  density  sample  analyzed,  Vy  *■  0,85,  has  tho  largest 
value  of  genus  per  gram.  The  genus  rapidly  decreases  from  this 
value  with  increasing  density  until  a pore  volume  fraction  of  about 
0,55  is  reached.  It  then  increases  until  a pore  volume  fraction  cf 
about  0,45  is  reached,  after  which  it  decreases  to  zero  at  about 
0,10  pore-  volume  fraction. 

The  large  initial  value  of  genus  per  gram  is  the  result  of  the 
Irregular  shape  of  the  electrolytic  powder  particles.  The  region 
of  contact  between  two  adjacent  particles  of  this  powder  probably 
consists  of  a number  of  contacts,  as  illustrated  in  Figure  102, 


221 


Figure  102,  (a)  Cross  section  through  three  irregular  powder 

particles. 

(b)  Enlarged  regicn  of  contact  between  two 
irregular  powder  particles. 
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It  should  be  noted  that  the  unsintered  electrolytic  powder 
Bay  have  either  a larger  or  smaller  value  of  genus  per  gram  than 
that  of  the  lowest  density  sample  analyzed.  At  the  onset  of 
sintering,  the  genus  of  this  powder  could  decrease  as  it  does  for 
the  lowest  density  samples  of  Figure  73;  however,  contacts  between 
particles  could  form  os  a result  of  shrinkage,  as  they  did  for  the 
single  size  fractions  of  spherical  powder.  This  could  produce  on 
initial  increase  in  the  genus  with  increasing  density.  Which 
phenomenon  occurs  is  not  resolved  by  the  presently  available  data. 

The  rapid  initial  decrease  In  genus  with  increasing  density 
is  the  result  of  the  closure  of  snail  channels  and/or  pulling 
apart  of  contacts  between  particles.  Schematic  examples  of  these 
events  are  illustrated  in  Figure  103  and  104.  The  rogicn  of  contact 
between  two  irregularly  shaped  particles  i3  shown  in  Figures  103a 
and  104a,  These  figure's  are  the  same,  and,  in  each,  three  points  of 
contact  between  the  particles  are  Indicated.  On  exposure  to  the 
sintering  conditions,  tho  configuration  shown  in  Figures  103b  and 
104b  results,  indicating  that  the  points  of  contact  have  grown  Into 
areas  of  contact.  In  Figure  103b,  two  channels  between  the  particles 
are  indicated.  In  Figure  104b,  the  two  filamentary  regions  adjacent 
to  the  channels  are  indicated. 

In  Figure  103c,  tho  channels  have  grown  smaller,  end, in 
Figure  103d,  they  have  closed.  As  a result,  the  genus  of  the 
structure  is  decreased  by  two. 

In  Figure  104c,  one  of  the  filamentary  regions  has  pulled 
apart,  and,  in  Figure  104d,  both  filamentary  regions  have  pulled 
apart.  As  a result,  the  genus  of  the  structure  is  decreased  by 


two. 
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Channels 


Figure  103,  Illustration  of  the  closure  of  small  channels 
betveen  irregularly  shaped  particles. 
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(d) 


Figure  104.  Illustration  of  the  pulling  apart  of  filaments 
between  irregularly  shaped  particles. 
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Botn  the  closure  of  small  channels  and  pulling  apart  of 
filaments  have  the  same  effect  on  the  genus.  This  is  apparent  from 
the  fact  that  the  configurations  shown  in  Figures  103d  and  104d  arc 
topologically  equivalent.  Both  events  can  reduce  the  surface  area 
of  tho  sample  and,  hence,  are  energetically  feasible. 

Since  these  phenomena  cannot  be  distinguished  from  consideration 
of  tho  genus  or  changes  in  tho  genus  with  density,  the  data  presented 
in  Figure  73  are  not  sufficient  to  determine  which,  if  cither, 
process  is  dominant. 

An  attempt  was  mads  to  determine  what  geometric  process  Is 
taking  place  by  reconstructing  a small  volume  of  the  electrolytic 
powder  sintered  to  a density  of  2.81  gra/cc  as  follows,  A small  area 
of  each  of  15  serial  sections  through  the  structure  was  enlarged  and 
reproduced  on  Xerox  transparencies,  Tho  transparencies  were  then 
stacked,  one  above  the  other,  to  produce  the  three-dimensional  model, 
a photograph  of  which  Is  shown  in  Figure  105,  The  dimensions  of  tho 
portion  of  tho  sinter  structure  shown  are  220  microns  by  220  microns 
by  22,8  microns  high.  Several  snail  channels  and  filament ary  regions 
are  present  in  this  portion  of  the  sinter  body.  As  a result,  it 
cannot  be  said  that  either  channel  closure  or  the  collapse  of 

filaments  predominates  at  this  roint  during  sintering  of  the  electro- 
lytic powder. 

Vhon  tho  electrolytic  powder  is  about  45  per  cent  dense  (Vv  « 
0.55),  tho  initial  rapid  decrease  In  genus  is  complete.  With  further 
sintering,  the  variation  in  genus  with  increasing  density  is 
qualitatively  similar  to  that  for  the  spherical  copper  powders; 
the  genus  first  Increases  with  increasing  density,  reaches  a maximum. 


Figure  105,  Photograph  of  a stack  of  15  serial  sections 
through  48  micron  electrolytic  copper  powder 
sintered  to  a density  of  2,81  gm/cc. 
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and  then  decreases  to  zero.  It  is  apparent  from  this  similarity 
of  the  change  in  genus  with  density  for  the  electrolytic  and  the 
spherical  powders  that  the  increase  in  genus  in  the  range  of  density 
from  Vy  « 0.55  to  Vy  « 0.45  is  a result  of  the  formation  of  new 
contacts,  or  branches,  caused  by  shrinkage  of  the  sinter  body.  As 
pointed  out  previously  (see  Section  6.2.1),  this  phenomenon  takes 
place  in  a single-size  fraction  of  spherical  pox.'der  during  the  first 
stage  of  sintering.  The  range  of  density  over  which  this  occurs  is 
quite  different  for  equal  size  fractions  of  spherical  and  electrolytic 
powders,  as  can  be  seen  from  the  curves  of  Figure  106. 

The  formation  of  new  contacts  in  the  electrolytic  powder 
probably  takes  place  from  the  onset  of  sintering.  The  resulting 
rate  of  increase  in  genus  with  increasing  density  is  small  relative 
to  the  initial  rate  of  decrease  in  genus  produced  by  closure  of 
small  channels  and  removal  of  filaments.  This  Is  illustrated  by 
the  hypothetical  curves  shown  in  Figure  107.  Curve  A represents 
the  genus  resulting  from  small  contacts  between  particles,  and 
curve  B represents  genus  produced  by  the  formation  of  new  contacts. 

The  sum  of  these  two  curves  is  the  observed  genus  given  by  the  solid 
curve. 

After  the  small  channels  and  filaments  have  been  removed 
(curve  A » 0) , contacts  are  still  forming.  Therefore,  the  genus 
begins  to  increase.  This  continues  until  large  channels  (see  Figure 
102)  begin  to  close.  This  produces  the  final  decrease  of  the  genus 
to  zero. 

If  the  initial  decrease  in  genus  was  spread  over  a greater 
range  of  density,  then  the  increase  in  genus  produced  by  the 
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Figure  106,  Genus  per  gram  and  number  of  separate  parts 
per  gram  versus  volume  fraction  of  porosity 
for  48  micron  spherical  and  electrolytic 
copper  powders. 


Unsintered 
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Removal  of  Small  Channels  and 


Figure  107.  Illustration  of  the  various  factors  which 
contribute  to  the  genus  of  the  48  micron 
electrolytic  copper  powder. 
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formation  of  contacts  night  not  be  observed.  The  variation  of  the 
genus  during  sintering  depends  on  the  distribution  of  channel  sizes 
in  the  powder,  as  was  shown  for  the  single  size  fraction  of  spherical 
powder  in  Section  2,3,  In  order  to  obtain  a plot  such  as  the  one 
shown  in  Figure  73,  a channel  size  frequency  distribution  such  as 
that  shown  in  Figure  108  crust  exist  in  the  loose  electrolytic 
powder. 

The  large  number  of  small  channels  close  early  in  the  sintering 
process  and  account  for  the  large  initial  rate  of  decrease  in  the 
genus  with  increasing  density.  Small  filaments,  which  pull  apart 
early  in  the  sintering  process,  have  the  same  effect  on  the  genus 
as  the  closure  of  small  channels;  thus,  the  number  of  small  channels 
must  include  the  number  of  filaments  which  pull  opart. 

In  order  for  the  genus  to  then  increase  with  increasing 
density,  there  must  be  a range  of  channel  sizes  with  a low  frequency 
of  occurrence,  as  illustrated  In  Figure  108a,  As  a result,  there 
Is  a range  of  density  for  which  few  channels  are  closing,  yet 
shrinkage  is  still  talcing  place.  This  causes  contacts  to  be  formed, 
thus  Increasing  the  genus  of  the  structure,  os  pointed  cut  previously. 
Still  later  in  the  sintering  process,  large  channels  begin  to 
close  producing  the  final  decrease  in  the  genus  to  a value  of  zero. 

A powder  having  a channel  size  frequency  distribution,  such  a3  that 
shown  in  Figure  105b,  would  probably  not  exhibit  such  an  increase  in 
genus. 

The  large  initial  value  of  genus  for  the  electrolytic  powder 
indicate-s  that  the  number  of  contacts  per  particle  may  be  considerably 
greater  than  that  for  the  spherical  powder.  In  order  to  determine 
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Figure  108,  Two  schematic  channel  size  distributions 
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the  average  number  of  contacts  per  particle,  b/n,  the  number  of 
particles  per  gram  must  be  determined.  Equation  (7)  can  then  be 
solved  for  C ^ /P^  , which  is  equal  to  bTn. 

The  average  mass  of  the  electrolytic  powder  particles  was 
determined  by  the  method  described  in  Section  3,3.  Ono  hundred 
particles  were  measured.  The  average  value  of  the  cube  of  the 
particle  diameter  was  determined  so  that  the  average  volume  of  an 
electrolytic  powder  particle  could  be  calculated.  From  this,  the 
number  of  particles  per  gran  of  powder  was  found  to  be  5,71  x 10^ 
(there  are  1,93  x 10^  particles  per  gram  of  48  micron  spherical 
copper  povrder).  With  this  value  for  the  electrolytic  powder  and 
the  value  of  genus  per  gram  for  the  lowest  density  sample  analyzed, 
equation  (7)  was  solved  to  obtain  an  estimate  of  the  average  number 
of  contacts  per  particle.  The  lowest  density  sample  of  the  electro- 
lytic powder  was  found  to  have  14  to  15  contacts  per  particle. 

The  number  of  contacts  per  particle  for  the  electrolytic 
powder  at  a pore  volume  fraction  of  0,555  was  also  obtained  in  this 
way.  For  this  pore  volume  fraction,  there  are  approximately  four 
contacts  per  particle.  Thus,  during  the  initial  decrease  in  genus 
with  increasing  density,  about  10  or  11  contacts  are  removed  par 
particle.  This  implies  that  each  contact  present  at  a pore  volume 
fraction  of  0,555  consisted  of  three  to  four  contacts  at  a pore 
volume  fraction  of  0,855. 

The  contacts  which  remain  between  the  electrolytic  particles 
at  a pore  volume  fraction  of  about  0,55  can  be  considered  es  large, 
or  coarse,  relative  to  the  small  channels  and  filaments  just 
mentioned.  It  is  this  relatively  coarse  structure  which  controls 
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the  evolution  of  the  geometric  structure  of  tho  sinter  body  with 
further  sintering,  The  remainder  of  the  change  in  genus  with  density 
is  similar  to  that  for  a single  size  fraction  of  spherical  powder, 
as  discussed  in  Section  6.2,1;  however,  the  large  channels  in  the 
electrolytic  powder  begin  to  close  at  a lower  density  than  in  the 
spherical  powder.  This  may  be  due,  in  part,  to  a difference  in  tho 
channel  size  distributions  for  these  powders.  Consider  the  schematic 
curves  shown  in  Figure  109,  The  spherical  powder  has  a lower  limit 
in  channel  size,  as  mentioned  previously  and  indicated  in  the  top 
curve.  The  electrolytic  powder  has  channels  of  all  sizes  between 
zero  and  soma  maximum,  as  shown  in  the  lower  curve.  If  some  large 
channels  in  the  electrolytic  material  are  smaller  than  the  lower 
limit  of  channel  size  for  the  spherical  powder,  as  indicated  by  the 
arrow  above  tho  lower  curve  of  Figure  109,  those  channels  would  be 
expected  to  close  at  a lower  density  than  larger  channels.  Thus, 
the  final  decrease  In  genus  for  the  electrolytic  powder  v?ould  be 
expected  to  start  at  a lower  density  then  tho  decrease  in  genus  for 
the  spherical  powder, 

Tho  variation  of  the  properties  of  the  electrolytic  and 
spherical  powders  will  be  considered  further  in  Section  6,5, 

6,2,4  General  Features  of  the  Variation  in  the  Number  of 

Separate  Parts  for  the  48  Micron  Electrolytic  Copper 
Powder 

The  qualitative  features  of  the  variation  of  tho  number  of 
separate  parts  for  the  48  micron  electrolytic  powder  with  pore 
volume  fraction  are  similar  to  those  for  a single  size  fraction  of 
spherical  powder.  The  plots  of  Figure  106  show  that  separate  parts 
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Figure  109.  Comparison  of  some  features  of  the  channel  size 
distributions  of  the  spherical  and  electrolytic 
powders. 


235 


do  not  appear  until  after  closure  of  large  channels  begins,  and, that 
as  the  genus  decreases,  the  number  of  separate  parts  increases.  As 
pointed  out  previously,  the  number  of  separate  parts  must  pass 
through  a maximum  and  then  decrease  with  Increasing  density.  The 
data  for  the  electrolytic  powder  verify  this,  as  can  be  seen  from 
the  curves  of  Figures  82  and  106,  The  highest  density  sample  (8.45 
gra/cc,  Vy  o 0,57)  has  a density  greater  than  that  at  which  the 
maximum  number  of  separate  parts  is  present. 

It  cannot  be  determined  from  the  data  for  the  electrolytic 
powder  if  an  increase  in  the  rate  of  production  of  separate  parts 
with  increasing  density  occurs  after  the  genus  reaches  zero.  Recall 
that  this  was  observed  in  the  spherical  powder  (seo  Figures  67  and 
82),  and  it  probably  occurs  in  the  electrolytic  powder  also. 

Only  one  value  of  the  number  of  small  separate  parts  per  gram 
was  obtained  for  the  electrolytic  powder;  hence,  their  variation 
with  density  was  not  determined.  This  value  was  used  as  a rough 
check  on  the  proportion  of  small  separate  parts.  It  was  unnecessary 
to  determine  the  variation  in  the  number  of  small  separate  parts 
with  pore  volume  fraction,  as  was  done  for  the  48  micron  spherical 
powder,  because  the  absence  of  a significant  polishing  error  was 
established  by  the  data  for  the  spherical  powder  (see  Section  6,2,2), 

Small  separate  parts  were  counted  for  the  7.92  gm/cc  (Vy  » 0,116) 
sample  of  the  electrolytic  powder,  and  about  70  per  cent  of  the  total 
number  of  separate  parts  were  classified  as  small.  The  largest 
separate  parts  counted  as  small  are  smaller  for  the  electrolytic 
than  for  the  spherical  powder  because  the  serial  sections  are  closer 
together  for  the  electrolytic  than  for  the  spherical  powder.  If  the 
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seme  spacing  had  been  used  for  the  electrolytic  as  for  the  spherical 
powder,  more  than  70  per  cent  of  the  separate  parts  found  in  the 
electrolytic  powder  would  have  been  classified  as  small.  At  the 
same  point  in  the  evolution  of  the  topological  properties,  that  is, 
just  before  the  genus  reaches  zero,  70  per  cent  of  the  separate 
parts  in  the  spherical  powder  are  classified  as  small;  therefore, 
the  fraction  of  small  separate  parts  is  probably  greater  for  the 
electrolytic  than  for  the  spherical  powder.  It  cannot  be  determined, 
however,  from  the  experimental  data  whether  or  not  the  difference 
is  significant.  It  can  only  be  stated  that  the  fraction  of  small 
separate  parts  is  large  (0,7  or  greater)  for  both  powders, 

6 . 3 General  Features  of  the  Cumulative  Genus  Versus  Volume  of 

Material,  Analyzed  Curves 

The  cumulative  genus  versus  volume  of  material  analyzed 
curves  generally  exhibit  an  approach  to  linearity  and  then  linearity 
with  increasing  volume  of  material  analyzed.  The  way  In  which 
linearity  is  approached  and  the  slope  of  the  linear  portion  depends 
on  the  features  of  the  deformation  retract  of  the  space  from  which 
the  curve  was  obtained.  Although  the  most  important  property  of 
these  curves  is  the  slope  of  the  linear  portion,  the  manner  in  which 
the  linear  portion  is  approached  yields  some  information  about  the 
structure  under  consideration.  Another  factor  which  is  important 
is  the  size  of  the  area  on  each  serial  section  which  is  analyzed. 

This  is  considered  in  Section  6,13,1, 

, « min 

6,3,1  Gj  Curves 

min 

First,  consider  the  Gj  versus  volume  analyzed  plots  shown 
in  Figures  57,  58,  62  to  66  and  74  to  81,  These  curves  all  reach 
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linearity  after  some  thickness  of  material  has  been  analyzed.  Since 

the  area  analyzed  is  the  same  on  each  section,  the  volume  analyzed 

is  directly  proportional  to  the  thickness  analyzed.  The  thickness 

at  which  linearity  is  reached  depends  on  the  features  of  the  network 

being  analyzed  in  the  following  way. 

Recall  that  internal  circuits,  that  is,  circuits  inside  the 

volume  of  material  analyzed,  must  be  observed  in  order  to  change 
min 

Gj  , These  circuits  have  soma  average  size*  and  a distribution 

of  sizes  for  any  given  network.  The  circuit  size  in  a sinter 

structure  may  be  somewhat  ambiguous  since  the  position  of  the 

deformation  retract  cannot  be  uniquely  determined.  Another  factor 

is  that  some  circuits  may  be  very  irregular  in  shape  in  the  third 

dimension,  and  therefore  they  may  be  difficult  to  characterize. 

However,  the  development  presented  here  depends  only  upon  the 

qualitative  aspects  of  a circuit  size,  and  therefore  the  results  of 

this  development  are  not  affected  as  long  as  the  qualitative  concept 

of  circuit  size  is  established. 

For  a sinter  structure,  the  minimum  size  of  the  circuits  is 

finite;  thus,  a finite  volume  of  material  must  be  analyzed  before 

they  are  observed.  It  Is  for  this  reason  that  the  initial  slope  of 
min 

all  G j curves  is  zero.  As  the  volume  analyzed  is  increased, 
larger  circuits  are  observed  along  with  the  smaller  ones,  and  the 


*A  circuit  can  be  character ized  according  to  Its  size  by  its  average 
diameter.  This  is  the  average  distance  between  pairs  of  parallel 
tangents  to  the  circuit,  as  illustrated  in  Figure  110a  for  a torus. 
For  the  present  purpose,  the  smallest  circuit  must  be  used  rather 
than  the  actual  deformation  retract,  as  illustrated  In  Figures  110b 
for  a torus  and  110c  for  an  irregularly  shaped  circuit.  This  is 
because  it  is  this  smallest  circuit  which  is  experimentally  observed. 
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Figure  110, 


Illustration  of  a measure  of  circuit  size. 
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slope  of  the  curve  Increases,  The  linear  portion  of  the  curve  is 
reached  when  a thickness  has  been  analyzed  such  that  the  largest 
circuits  in  the  network  are  observed.  The  final  slope  of  the  linear 
portion  of  the  curve  depends  on  the  volume  density  of  the  circuits 
in  the  network  (and  the  size  of  the  area  analyzed  on  each  serial 
section,  as  discussed  in  Section  6.13.1), 

tn  ^ n 

The  volume  or  thickness  which  has  bean  analyzed  when  the 
curve  first  reaches  linearity  also  depends  on  the  size  distribution 
of  the  circuits  in  the  network.  For  both  the  48  micron  electrolytic 
and  spherical  powders,  the  thickness  analyzed  to  reach  linearity 
first  increases  and  then  decreases  with  increasing  sample  density, 
as  shown  in  Figure  111.  This  is  the  result  of  an  increase  and  then 
a decrease  in  the  size  of  the  largest  circuits  with  increasing 
density.  This  can  be  explained  as  follows. 

At  low  density,  the  circuits  are  small  and  their  distribution 
in  size  is  narrow,  A schematic  network  and  distribution  of  circuit 
sizes  is  shown  in  Figure  112a,  As  channel  closure  starts  and 
branches  are  removed,  the  size  of  the  largest  circuits  increases, 
as  illustrated  in  Figure  112b,  As  channel  closure  continues,  a 
configuration  is  reached  in  the  network  where,  for  a given  channel 
closure  event,  it  becomes  more  probable  that  large  circuits  will  be 
removed  from  the  network.  This  situation  arises  when  the  number 
of  channels  associated  with  large  circuits  becomes  greater  than  the 
number  of  channels  associated  with  small  circuits.  As  channel 
closure  continues  under  these  conditions,  the  size  of  the  largest 
circuits  becomes  smaller,  as  illustrated  in  Figure  112d,  Thus,  the 
size  of  the  largest  circuits  first  increases  and  then  decreases 
with  increasing  density. 
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. Thickness  analyzed  to  reach  linearity  versus 
sample  density  for  48  micron  electrolytic  and 
spherical  copper  powders. 


Figure  111 
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Schematic  Node  - 
Branch  Network 


Frequency  Distribution 


of  Circuit  Sizes 


- L 


L « Largest  Circuit  Size 


Figure  112,  Frequency  distribution  of  circuit  size  for  four 
schematic  node -branch  networks. 
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As  a result  of  this  variation  in  the  size  of  the  largest 
circuits,  it  is  apparent  that  the  thickness  of  material  which  must 
be  analyzed  to  reach  linearity  should  depend  on  the  genus  of  the 
structure.  When  these  thicknesses  are  plotted  against  genus,  the 
features  of  the  curves  are  the  same  for  both  the  48  micron  electro- 
lytic and  spherical  powders,  as  shown  in  Figure  113,  The  maximum 
occurs  at  approximately  the  same  value  of  genus  for  both  powders, 

, „ „ max 

6,3,2  Gj  Curves 

_ , . „ max 

Consider  the  Gj  versus  volume  analyzed  curves  shown  in 
Figures  57,  58,  62  to  66  and  74  to  81,  These  curves  generally  reach 
linearity  after  less  volume  has  been  analyzed  than  in  the  case  of 
the  Gj  versus  volume  analyzed  plots;  in  fact,  most  of  the  G^a^' 
plots  are  linear  from  the  start  of  the  analysis. 

In  general,  any  initial  non-linearity  of  the  versus 

volume  analyzed  curves  can  be  explained  as  follows,  A number  of 

tree-like  regions  and  separate  parts  of  the  void  space  will  intersect 

the  first  two  serial  sections  analyzed,  and  hence  form  loops  with 

the  external  node,  A tree-like  region  and  a tree-like  separate 

part  are  shown  schematically  in  Figures  114  and  101a,  respectively. 

As  successive  serial  sections  are  considered,  these  tree-like 

regions  and  separate  parts  end  and  the  loops  they  form  with  the 

external  node  are  removed.  Therefore,  after  some  thickness  has 

been  analyzed,  the  effect  of  thss9  tree-like  regions  and  separate 

parts  through  the  top  of  the  sample  is  no  longer  felt,  and  a slope 
max 

of  the  Gj  plot,  dependent  upon  the  circuit  size  distribution  of 
the  material  under  consideration,  is  then  established.  This  thick- 
ness depends  on  the  size  and  number  of  the  separate  parts  and 
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Figure  113.  Thickness  analyzed  to  reach  linearity  versus  genus 
per  cc  for  48  micron  spherical  and  electrolytic 
copper  powders. 
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Figure  114,  Illustration  of  tree-llke  regions 
attached  to  multiply  connected 
regions  of  the  void  space. 
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tree-like  regions  present  and  on  the  value  of  genus  per  gram  for 
the  structure. 

As  tha  genus  decreases  (i.e,,  os  channel  closure  takes  place), 
increasing  numbers  of  tree-like  regions  and  separate  parts  are 
produced.  Recall  that  when  separate  parts  are  first  isolated,  they 
are  predominantly  small.  As  channel  closure  continues,  it  becomes 
more,  probable  for  larger  separate  parts  and  tree-like  regions  to  be 
isolated.  As  a result,  a greater  thickness  must  be  analyzed  before 
their  effect  on  the  G^1334  versus  volume  analyzed  curves  is  removed 
as  the  sample  density  increases. 

As  mentioned  previously  (sea  Section  6,1),  a number  of  different 
methods  were  employed  to  obtain  the  data  presented  in  Chapter  V,  As 
a result,  a number  of  different  G®ax  and  G|In  versus  volume  analyzed 
curves  were  obtained.  The  features  of  these  curves  will  now  be 
considered  individually. 

The  curve  for  Gj  * lies  below  the  G?1 ' n curve  in  Figure  81 
because  only  changes  in  G^*  and  G^in  were  plotted  and  not  the  actual 
values  of  these  parameters.  Also,  as  a result  of  this,  most  of  the 
cumulative  genus  curves  for  the  electrolytic  powder  start  at  zero 
genus.  For  the  three  which  do  not,  one  for  the  4,96  and  two  for  the 
6,05  gm/ce  sample,  the  number  of  circuits  on  the  first  section  was 
taken  as  the  storting  point  for  both  the  g”3X  and  Gjln  curves.  The 
initial  value  for  Gj  is  greater  than  that  for  Gj  for  these  samples 
as  a result  of  connections  to  the  external  node  across  the  sides  of 
the  sample, 

max 

Tiie  G|  curves  for  the  48  micron  spherical  powder  also  start 
at  some  positive  value  because  all  branches  through  the  top  and 
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bottom  of  these  samples  were  assumed  to  be  connected  to  an  external 
node. 

The  initial  non-linearity  of  the  G™?'x  plots  for  the  6,95 
and  7,92  gm/cc  samples  of  the  electrolytic  powder  and  the  8,00, 

8,25  and  8,40  gm/cc  samples  of  the  48  micron  spherical  powder  is 
a result  of  the  presence  of  separate  parts  and/or  tree-like  regions 
of  the  void  space. 

The  Gjl  ' plot  for  the  8,00  gm/cc  sample  of  the  48  micron 
spherical  powder  has  a positive  slope  throughout;  however,  linearity 
is  not  reached  until  about  the  same  point  in  the  analysis  at  which 
linearity  is  reached  in  the  G?in  curve.  The  positive  slope  is  a 
result  of  the  relatively  large  value  of  genus  for  this  material; 
an  initial  negative  slope  occurs  in  structures  with  lower  values  of 
genus  per  unit  volume,  as  pointed  out  below.  The  slow  approach  to 
linearity  is  a result  of  the  presence  of  large  circuits  in  the 
network,  just  as  in  the  case  of  the  G5?*n  curve. 

The  presence  of  tree-like  regions  and  separate  parts  can 
produce  an  initial  decrease  in  the  G^a<  versus  volume  analyzed 
curve.  The  decrease  produced  by  this  effect  is  apparently  small 

TTi3yZ. 

compared  to  the  increase  in  G".  for  the  8,00  gm/cc  material;  how- 
ever, part  of  the  slow  approach  to  linearity  could  be  attributed  to 

this  effect, 

max 

The  Gj  plot  for  the  8,25  gm/cc  sample  of  the  48  micron 
spherical  powder  has  an  initial  negative  slope  and  reaches  linearity 
more  rapidly  than  t.be  8,00  gm/cc  material.  The  more  rapid  approach 
to  linearity  indicates  that  the  largest  circuits  are  smaller  in  the 
8,25  gm/cc  than  in  the  8,00  gm/cc  material  (see  the  preceding 
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section).  The  initial  decrease  is  the  result  of  the  low  value  of 
genus  and  the  presence  of  tree-like  regions  and  separate  parts.  This 
is  also  the  case  for  the  7,92  gra/cc  sample  of  the  electrolytic  powder. 

The  Gj  plot  for  the  8.40  gm/cc  sample  of  the  48  micron 
spherical  powder  also  has  a negative  initial  3lope,  The  value  of 
genus  for  this  sample  is  zero,  and  the  initial  decrease  in  GjlaX 
is  a result  of  the  presence  of  separate  parts  which  intersect  the 
top  of  the  sample, 

6.4  General  Features  of  the  Cumulative  Number  of  Separate  Parts 

Versus  Volume  of  Material  Analyzed  Curves 

Some  of  the  cumulative  large  and  total  separate  parts  versus 
volume  analyzed  curves  exhibit  an  approach  to  linearity  (as  opposed 
to  linearity  from  zero  volume  analyzed).  The  total  separata  parts 
curves  for  the  7,74  gm/cc  sample  of  the  48  micron  spherical  powder, 
the  8,05  gm/cc  sample  of  the  115  micron  spherical  powder  and  the 
7,92  gra/cc  sample  of  the  48  micron  electrolytic  powder  all  exhibit 
this  behavior,  as  shown  in  Figures  69,  60  and  85,  respectively. 

This  approach  to  linearity  is  a result  of  the  fact  that  a number  of 
sections  must  be  analyzed  before  large  separate  parts  can  be 
detected.  As  a result,  the  large  separate  parts  curves  do  not 
start  until  four  to  seven  sect  ions have  been  analyzed. 

It  is  necessary  to  consider  at  least  four  sections  before  a 
large  separate  part  can  be  detected.  If  the  number  of  large 
separate  parts  par  gram  is  small,  as  in  the  case  of  the  7,26  gm/cc 
(Vv  « 0,190)  sample  of  the  48  micron  spherical  powder  shown  in 
Figure  67,  then  it  may  be  necessary  to  consider  more  than  four 
sections  before  any  largo  separate  parts  ore  found.  For  this  sample, 
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the  large  separate  part  curve  increases  only  every  two  to  three 
sections;  thus,  the  minimum  of  four  sections  plus  two  to  three 
sections  per  increase  in  the  curve  gives  six  to  seven  sections  before 
a large  separate  part  may  appear.  Seven  sections  were  analyzed 
before  a large  separate  part  was  observed  in  the  7.26  gra/'cc  sample 
of  the  48  micron  spherical  powder  (Figure  68),  and  five  sections 
were  required  for  the  7.74  gm./cc  sample  (Figure  69), 

It  is  only  necessary  to  consider  three  sections  in  order  to 
detect  small  separate  parts.  Since  the  number  of  small  separate 
parts  is  generally  a large  fraction  of  the  total  number  of  separate 
parts,  the  total  separate  part  curves  are  approximately  linear  from 
zero  volume  analyzed,  with  the  exception  of  those  mentioned  above. 

The  plots  of  cumulative  number  of  large  separate  parts  versus 
volume  analyzed  for  the  5,00,  8,25  and  8,40  gm/cc  samples  of  the 
48  micron  spherical  powder  shown  in  Figures  70,  71  and  72, 
respectively,  exhibit  a change  in  slope  at  about  70  x 10”^cc 
analyzed.  This  occurs  only  for  the  large  separate  parts  curves  and 
not  for  the  total  separate  parts  curves.  This  change  in  slope  takes 
place  at  the  same  point  in  the  analysis  at  which  a new  camera  adaptor 
was  obtained.  The  use  of  this  new  equipment  produced  a considerable 
improvement  in  resolution  as  the  result  of  increased  sharpness  of 
focus.  Recall  that  large  separate  parts  appear  on  two  or  more  sec- 
tions, Because  of  the  Increased  resolution,  more  separate  parts 
were  classified  as  large  and  fewer  as  small  separate  parts.  This  has 
no  effect  on  the  total  number  of  separate  parts  observed.  The  three 
samples  showing  this  effect  were  mounted  together  and  sectioned  at 
the  same  time;  consequently,  the  change  in  slope  occurs  at  the 
same  value  of  volume  analyzed  for  all  three  samples. 
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6,5  Comparison  of  the  Genus  Versus  Volume  Fraction  of  Porosity 

Curves  for  the  115  Micron  Spherical.  48  Micron  Spherical  and 

48  Micron  Electrolytic  Copper  Powders 

Consider  Figure  115  in  which  genus  per  gram  and  number  of 
separate  parts  per  gram  are  plotted  versus  pore  volume  fraction  for 
the  48  micron  and  115  micron  spherical  powders.  The  values  for 
the  115  micron  powder  are  multiplied  by  a scale  factor,  13,74,  This 
value  is  obtained  as  shown  in  Appendix  3.  The  points  in  Figure  115 
lie  on  the  same  curves  over  the  entire  density  range;  thus,  the 
path  of  evolution  of  genus  for  these  two  size  fractions  of  spherical 
copper  powder  is  the  same  for  the  entire  sintering  process.  This 
experimental  observation  and  the  development  in  Appendix  3 indicate 
that  the  genus  of  single  size  fractions  of  spherical  powder  are 
related  throughout  the  sintering  process  by  a scale  factor  which  is 
established  by  the  dimensions  of  the  powders.  This  behavior  indicates 
that  the  initial  geometry  of  the  stack  of  powder  controls  the 
evolution  of  the  topological  properties  throughout  the  sintering 
process. 

Only  one  value  of  separate  parts  per  gram  was  obtained  for 
the  115  micron  powder.  Thus,  it  cannot  be  concluded  that  the 
evolution  of  the  number  of  separate  parts  per  gram  is  the  same  for 
the  two  powders.  However,  the  one  value  for  the  115  micron  powder, 
multiplied  by  13,74,  does  agree  well  with  the  48  micron  powder  data, 
as  can  be  seen  in  Figures  67  and  115, 

Consider  the  genus  per  gTam  versus  volume  fraction  of  porosity 
plot  for  the  48  micron  electrolytic  powder  in  Figure  106,  After  the 
initial  decrease  is  complete,  the  variation  in  genus  is  similar  to  that 
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Figure  115.  Comparison  of  genus  per  gram  versus  volume  fraction 

porosity  for  48  and  115  micron  spherical  copper 
powders. 
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which  takes  place  for  the  spherical  powders.  That  is,  the  genus 
then  increases  to  a maximum  and  then  decreases  to  zero  with  increasing 
density.  That  part  of  the  variation  of  the  genus  of  the  48  micron 
electrolytic  powder  which  is  similar  to  that  of  the  spherical  powders 
is  shown  in  Figure  106,  along  with  the  variation  in  the  genus  of  the 
48  micron  spherical  powder. 

Both  powders  exhibit  an  increase  in  genus  as  a result  of  the 
formation  of  contacts  on  shrinkage  and  then  a decrease  in  genus  to  a 
value  of  zero  produced  by  channel  closure.  These  changes  take  place 
at  lower  density  in  the  electrolytic  than  in  the  spherical  powder. 

The  reasons  for  this  are  as  follows. 

At  a pore  volume  fraction  of  0.55,  the  small  scale  features 
in  the  electrolytic  powder  have  been  removed  by  surface  rounding, 
closure  of  small  channels  and/or  pulling  apart  of  filaments.  The 
structure  of  the  electrolytic  powder  at  this  point  can  be  roughly 
visualized  as  that  of  a stack  of  a single  size  fraction  of  spherical 
powder  particles,  approximately  36  microns  in  diameter,  from  which 
enough  particles  have  been  removed  at  random  without  changing  the 
positions  of  the  remaining  particles  so  that  the  average  number  of 
contacts  per  particle  is  reduced  to  four.  A spherical  particle  36 
microns  in  diameter  has  approximately  the  same  mass  as  the  average 
mass  of  the  electrolytic  powder  particles  (see  Section  6,2,3),  and 
there  are  approximately  four  contacts  per  particle  in  the  48  micron 
electrolytic  powder  at  a pore  volume  fraction  of  0,55  (sec  Section 
6,2,3),  A stack  of  spherical  particles  formed  in  this  way  would 
have  a pore  volume  fraction  of  approximately  0,65,  and  the  genus 
and  average  number  of  contacts  per  particle  would  be  the  same  as 
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for  the  electrolytic  powder  at  a pore  volume  fraction  of  0,55, 

These  structures  could  be  made  even  more  similar  by  assuming  some 
densif ication  and  surface  rounding  in  the  stack  of  spherical 
particles  so  that  the  pore  volume  fraction  and  average  mean  surface 
curvature  would  also  be  the  same. 

On  sintering,  such  a structure  would  follow  the  path  of  change 
in  genus  per  gram  with  decreasing  pore  volume  fraction  shown  in 
Figure  106  for  the  48  micron  electrolytic  powder.  From  this  it  is 
apparent  that  the  difference  in  pore  volume  fraction  at  which 
geometrically  similar  changes  occur  in  Figure  106  is  a result  of  a 
difference  in  particle  stacking,  A size  difference  changes  only 
the  scale  and  not  the  shape  of  the  path  the  genus  per  gram  follows 
with  decreasing  pore  volume  fraction  (see  the  first  part  of  this 
section  and  Appendix  3), 

Comparison  of  the  variation  in  genus  per  gram  for  the  48 
micron  spherical  and  electrolytic  powders  can  also  be  made  in  terms 
of  sintering  time.  The  unsintered  density  of  the  electrolytic 
powder  is  less  than  that  of  the  spherical  powder,  and  the  sintering 
time  necessary  to  reach  a given  density  is  less  for  the  spherical 
than  for  the  electrolytic  powder,  as  can  be  seen  from  the  curves  in 
Figure  116,  The  variation  in  genus  per  gram  with  sintering  time 
is  approximately  the  same  for  both  powders,  as  shown  by  the  plots 
in  Figure  117,  This  is  reasonable  In  that  the  scale  of  these  systems 
is  nearly  the  same.  The  slight  differences  in  the  behavior  may  be 
due  to  differences  in  the  channel  size  distributions;  however,  this 
Is  not  considered  further,  as  the  differences  in  the  behavior  of  the 
curves  in  Figure  117  may  or  may  not  be  significant. 
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FI pure  116.  Sample  density  versus  sintering  time  for  48  micron  spherical  and  electrolyti 
copper  powders. 
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Figure  117,  Genus  per  gram  and  number  of  separate  parts  per 

gram  versus  sintering  time  for  48  micron  spherical 
and  electrolytic  copper  powders. 
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6 • 6 Comparison  of  the  Number  of  Separate  Parts  per  Grata  Versus 

VpjjjgLg-J Fraction  of  Porosity  Curves  for  the  48  Micron  Spherical 
and  Electrolytic  Copper  Powders 

The  features  of  the  number  of  separate  parts  per  gran  versus 
pore  volume  fraction  curves  for  the  48  micron  spherical  and  electro- 
lytic powders  are  similar,  as  shown  in  Figures  82  and  106,  Separate 
parts  are  not  formed  in  either  powder  until  after  channel  closure 
begins.  The  number  of  separate  parts  per  gram  then  increases  at  a 
rate  which  decreases  slightly  with  increasing  density  until  the 
genus  reaches  zero.  After  this,  the  rate  increases  with  increasing 
density,  as  indicated  by  the  data  for  the  spherical  powder.  This 
increase  probably  occurs  in  the  electrolytic  powder  also;  however, 
the  data  do  not  resolve  this  effect. 

The  number  of  separate  parts  per  gram  passes  through  a maximum 
and  then  decreases,  as  indicated  by  the  data  for  the  electrolytic 
powder.  This  final  decrease  must  take  place  as  no  separate  parts 
are  present  at  bulk  density. 

These  features  of  the  variation  in  the  number  of  separate 
parts  per  gram  with  pore  volume  fraction  coupled  with  the  variation 
In  the  genus  indicate  that  the  evolution  of  the  topological  properties 
on  sintering  is  qualitatively  similar  for  both  the  48  micron  spherical 
and  electrolytic  powders  for  pore  volume  fractions  less  than  0.55, 
although  tha  various  changes  do  not  occur  at  the  same  pore  volume 
fraction  for  both  powders.  As  a result,  the  number  of  separate 
pax ts  per  gran  is  greater  for  the  electrolytic  powder  up  to  a pore 
volume  fraction  of  about  0,06,  at  which  point  the  number  of  separate 
parts  per  gram  in  the  electrolytic  powder  becomes  less  than  that 
for  the  spherical  powder. 
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When  the  number  of  separate  parts  per  gram  is  plotted  versus 
sintering  time  for  these  powders,  as  in  Figures  117  and  118,  the 
curves  do  not  cross.  Separate  parts  appear  at  about  the  same 
sintering  time  for  both  powders,  then  the  number  increases  less 
rapidly  with  increasing  time  until  the  genus  reaches  zero.  This 
point  also  occurs  at  about  the  same  time  for  both  powders.  The 
data  for  the  spherical  powder  indicate  that  the  rate  increases 
after  the  genus  reaches  zero,  and  the  data  for  the  electrolytic 
powder  indicate  a final  decrease  in  the  number  of  separate  parts 
per  gram. 

Thus,  the  variation  of  the  number  of  separate  ports  por  gram 
with  time  for  both  powders  is  quite  similar  except  that  the  number 
of  separate  parts  per  gram  is  greater  for  the  electrolytic  powder 
for  all  sintering  times.  This  is  a result  of  the  higher  maximum 
value  of  genus  for  the  electrolytic  powder;  this  maximum  being  the 
largest  value  of  genus  before  the  final  decrease  in  genus  begins 
and  not  the  initial  value  for  the  electrolytic  powder  (see  Figure 
106).  This  can  be  explained  as  follows. 

Equation  (7)  can  be  applied  to  the  void  space  network  when 
branches  are  taken  as  channels  and  nodes  are  taken  as  the  regions 
in  the  void  space  where  channels  meet  which,  after  channel  closure 
is  complete,  remain  as  separate  parts  (recall  that  Cp  /P^  « bTn, 
the  average  number  of  branches  per  node  in  the  deformation  retract). 
If  it  is  assumed  that  the  samples  of  tho  spherical  and  electrolytic 
powders  which  have  the  maximum  values  of  genus  in  Figure  106  are 
similar  in  that  b/n  is  approximately  the  same  for  both  structures, 
then  the  larger  maximum  value  of  genus  for  the  electrolytic  powder 
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is  accompanied  by  a larger  value  of  N , according  to  equation  (7). 
Since  N^,  is  equal  to  the  number  of  separate  parts  present  after 
channel  closure  is  complete,  more  separate  ports  will  be  formed  in 
the  electrolytic  than  in  the  spherical  powder,  as  observed 
experimentally. 

It  is  also  possible  that  b/n  is  less  for  the  electrolytic 
than  for  the  spherical  powders.  In  this  case,  would  have  to  be 
larger  still  in  order  to  have  the  same  value  of  , as  indicated 
by  equation  (7),  This  will  be  considered  further  in  Section  6.8, 

6 . 7 Computer  Model 

A computer  model  developed  by  Steele  [[3"]  allows  the  determina- 
tion of  a number  of  the  topological  properties  of  a node-branch 
network  undergoing  random  removal  of  branches.  The  model  is  based 
on  the  representation  of  the  network  by  a matrix  which  allows,  by 
operating  on  the  matrix,  the  determination  of  the  topological 
properties  of  the  network  as  a function  of  the  fraction  of  branches 
removed  from  the  network.  The  properties  of  interest  here  are  the 
connectivity,  number  of  separate  parts  and  the  size  of  the  separate 
parts,  i.e,,  the  number  of  nodes  in  each  separate  part. 

The  networks  considered  by  Steele  consisted  of  cubic  stacks 
of  six-branch  nodes.  Such  a network  can  be  constructed  as  follows, 

A small  cube  is  taken  as  a node  and  each  of  its  faces  as  branches 
(see  Appendix  4),  A space-filling  stack  of  these  cubes  then  forms 
a network  of  nodes,  represented  by  the  small  cubes,  and  branches, 
represented  by  the  faces,  of  the  small  cubes  in  mutual  contact. 

Two  networks  are  considered;  one  with  all  branches  which  cross  the 
surface  of  the  stack  capped  at  the  surface,  and  the  other  with  all 
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branches  which  cross  the  surface  incident  on  an  exterior  node.  These 
two  cases  provide  an  upper  and  a lower  limit  for  the  connectivity  of 
the  stack.  This  is  analogous  to  the  experimental  case  where  an  upper 
and  a lower  limit  for  the  genus  of  a sinter  structure  is  determined. 

The  stacks,  or  networks,  analyzed  by  Steele  had  three,  four  and 
five  vertices,  or  nodes,  on  an  edge  and  their  properties  were 
determined  for  the  two  cases:  (1)  with  and  (2)  without  an  exterior 
node. 

The  variation  in  the  connectivity  and  number  of  separate 
parts  is  given  in  terms  of  the  fractional  values  of  these  properties. 
The  fractional  connectivity  for  any  given  fraction  of  branches 
removed  is  the  value  of  connectivity  divided  by  the  initial 
maximum  value  of  the  connectivity,  Gq,  The  fractional  number  of 
separate  parts  for  any  given  fraction  of  branches  removed  is  the 
number  of  separate  parts  divided  by  the  final  maximum  number  of 
separate  parts,  N0,  The  maximum  number  of  separate  parts  is  equal 
to  the  number  of  nodes  or  cubes  in  each  network. 

These  fractional  Betti  numbers  are  plotted  versus  fraction 
of  branches  removed  in  Figures  119  and  120  for  the  3x3x3, 
4x4x4  and  5x5x5  networks  with  and  without  the  exterior 
node,  respectively.  These  data  were  obtained  by  making  a number 
of  con^niter  runs  and  averaging  the  results.  As  the  size  of  the 
network  increases,  the  slope  of  the  initial  part  of  the  G/Gq 
curves  and  the  final  part  of  the  N/Nc  curves  approaches  the  dotted 
lines.  These  dotted  lines  represent  the  initial  slope  of  the  G/G0 
curve  and  the  final  slope  of  the  N/N0  curve  for  a network  of 
infinite  size.  These  limiting  slopes  were  obtained  by  plotting  the 


Fractional  Betti  Numbers 


260 


Figure  119.  Average  variation  in  G/G0  and  N/N0  for  the 
3x3x3,  4x4x4  and  5x5x5  network 
models  with  the  exterior  node.  The  arrows 
indicate  the  direction  in  which  the  curves 
shift  with  increasing  number  of  nodes,  which 
is  toward  the  limiting  slopes  shown  by  the 
dashed  lines.  (Steele  [3]). 
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Figure  120,  Average  variation  in  G/Gc  and  N/NQ  for  the  3x3x3, 
4x4x4  and  5x5x5  network  models  without  the 
exterior  node.  The  arrows  indicate  the  direction 
in  which  the  curves  shift  with  increasing  number  of 
nodes,  which  is  toward  the  limiting  slopes  shown  by 
the  dashed  lines.  (Steele  [3*1). 
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values  of  the  slopes  for  each  size  network  versus  1/n,  where  n is 
the  number  of  nodes  or  cubes  on  an  edge  of  the  network,  and  taking 
the  limiting  value  as  1/n  goes  to  zero. 

From  the  curves  of  Figures  119  and  120,  the  following  estimates 
cen  be  made  for  very  large  networks: 

1,  Twenty-five  per  cent  of  the  branches  must  be  randomly 
removed  before  the  first  isolated  separate  part  is  formed, 

2,  Ninety-two  to  95  per  cent  of  tho  branches  must  be  randomly 
removed  before  the  connectivity  is  reduced  to  zero. 

The  distribution  of  the  nodes  among  the  separate  parts  as  a 
function  of  the  fraction  of  branches  removed  was  also  obtained  by 
Steele,  again  by  making  a number  of  computer  runs  and  averaging  the 
results.  The  separate  parts  are  classified  by  type  according  to  the 
number  of  nodes  they  contain.  The  data  represent  the  fraction  of 
the  total  number  of  nodes  In  the  network  which  are  contained  in 
separate  parts  of  the  given  type.  Figures  121  and  122  show  the 
distribution  of  the  types  of  separate  parts  formed  for  the  5x5x5 
network  with  and  without  the  external  node,  respectively.  The  two 
curves  for  each  type  of  separate  part,  with  and  without  the 
external  node,  converge  as  the  size  of  the  network  increases. 

The  distribution  of  the  connectivity  of  the  isolated  separate 
parts  was  also  obtained.  The  distributions  obtained  for  the  5x5x5 
network  are  shown  in  Figure  123,  These  data  were  also  obtained  by 
making  a number  of  computer  runs  and  averaging  the  results.  These 
curves  show  that  the  multiple  connectivity  present  at  any  fraction 
of  branches  removed  is  almost  entirely  contained  within  a single 
part.  This  part  is  the  main  connected  portion  of  the  network. 


Fraction  of  Nodes  Contained  in 
Separate  Parts  of  the  Types  Indicated 
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Figure  121,  Average  distribution  of  nodes  among  different  types  of 
separate  parts  for  the  5x5x5  network  with  the 
exterior  node.  The  curves  represent  the  fraction  of 
nodes  contained  in  separate  parts  having  the  number  of 
nodes  indicated  (1  for  isolated  nodes,  2 for  isolated 
pairs  of  nodes,  etc.).  (Steele  [3]). 
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Figure  122,  Average  distribution  of  nodes  among  different  types 
of  separate  parts  for  the  5x5x5  network  without 
the  exterior  node.  The  curves  represent  the  fraction 
of  nodes  contained  in  separate  parts  having  the 
number  of  nodes  indicated  (1  for  isolated  nodes,  2 
for  Isolated  pairs  of  nodes,  etc,),  (Steele  [31). 
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Figure  123,  Average  number  of  multiply  connected  separate  parts 
in  the  5x5x5  network  models  with  and  without 
the  exterior  node,  (Steele  [3]), 
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The  number  of  multiply  connected  separate  parts  increases 
between  70  and  80  per  cent  of  the  branches  removed.  In  this 
range,  the  connectivity  is  less  than  10  per  cent  of  its  maximum 
value  and  is  approaching  zero.  It  is  in  this  range  of  genus  for  an 
actual  sinter  structure  that  tree-like  regions  are  expected  to  be 
formed  in  the  void  space  network.  Recall  also  that  separate  parts 
are  being  formed  rapidly  and  most  effectively  per  channel  closure 
event  in  this  range  of  genus.  Therefore,  it  is  expected  that  since 
some  connectivity  remains  in  the  network,  separate  parts  possessing 
multiple  connectivity  would  most  likely  be  found  at  this  point  in 
the  sintering  process. 

The  distribution  of  the  types  of  and  the  connectivity  of  the 
separate  parts  predicted  by  Steele's  model  indicate  that  random 
branch  removal  maintains  a single,  highly  connected  network  from 
which  single  nodes  or  pairs  of  nodes  predominantly  are  isolated. 

This  is  in  agreement  with  the  experimental  result  that  only  one 
nrultipiy  connected  separate  part  was  found  during  the  course  of 
this  work,  and  that  a large  fraction  of  the  separate  parts  are 
smal 1 . 

Therefore,  both  the  computer  model  and  the  experimental 
results  indicate  that  a tree  or  trees  are  formed  by  the  void  space 
network  of  a sinter  body  as  the  genus  approaches  zero,  and  that  the 
number  of  multiply  connected  separate  parts  formed  is  small. 

6.8  Correlation  Between  the  Computer  Model  Data  end  the 

Experimental  Data 

In  order  to  compare  the  results  of  the  computer  model  with  the 
experimental  data,  it  is  necessary  to  determine  fractional  values 
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of  genus  for  the  experimental  data#  The  values  used  as  the  denominator 
is  the  largest  value  of  genus  reached  before  second-stage  sintering 
begins,  Gq  , The  resulting  fractional  values  are  given  in  Tables 
16,  17  and  18  for  the  115  micron  spherical,  48  micron  spherical 
and  48  micron  electrolytic  powders,  respectively, 

A correlation  between  the  variation  in  the  experimental 
values  of  the  fractional  Betti  numbers  and  the  fraction  of  branches 
removed  can  be  obtained  under  the  following  conditions  [[3]: 

1#  Assume  a simple  cubic  void-channel  network;  that  is, 
each  void  has  six  channels  incident  on  it,  A void  is  taken  as  a 
portion  of  tha  void  space  which  would  remain  after  all  channels  in 
the  structure  had  closed. 

2,  Each  channel  closure  event  produces  either  a unit  decrease 
in  the  genus  or  a unit  increase  in  the  number  of  separate  parts, 

3,  The  maximtsra  number  of  channels  is  thus  GQ  + N0,  which 
is  equal  to  3/2  GQ  for  a simple  cubic  network  (six  branches  per 
node) , 

Under  these  conditions,  the  number  of  channels  closed  at  any 
density  is  equal  to  the  sum  of  the  decrease  in  genus  from  the  maximum 
value  and  the  increase  in  the  number  of  separate  parts  from  zero. 

The  data  thus  obtained  ere  presented  in  Tables  16,  17  and  18  for  the 
115  micron  spherical,  48  micron  spherical  and  48  micron  electrolytic 
powders,  respectively.  The  fractional  values  of  genus  and  number  of 
separate  parts  are  plotted  versus  fraction  of  branches  removed  for 
these  three  powders  in  Figure  124,  The  values  of  fractional  genus 
for  all  three  powders  are  forced  to  follow  the  same  curve  until  about 
30  per  cent  of  the  branches  are  removed  when  the  first  separate  parts 
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Table  16,  Computer  model  data  for  the  115  micron  spherical  copper 
powder. 


G « 3,56  x 103  gm"l* 

N<y>  “ G0f>  ,2**  - !-78  x 1q5  S^"1 

Maximum  Number  of  Channels**  = 

> * N<y>  " 3/2  Gop  m 5*34  x 105  S-"1 


Density 

(gm/cm8) 

Gf  xl0‘5(gra"l) 

°f>  'co* 

N xlO”5 
(gm_1) 

«*>  /No/. 

Fraction 
of  Channels 
Closed 

6.67 

2.28 

0.64 

0 

0 

0.24 

7.05 

1.35 

0.38 

0 

0 

0.41 

7.50 

0.734 

0.21 

0.08*** 

0.04 

0.545 

7.76 

0.483 

0.14 

0.105*** 

0.059 

0.60 

8,05 

0.217 

0,061 

0.15 

0.084 

0.65 

*0btained  by  dividing  maximum  value  in  Figure  115  by  13,74, 

**This  assumes  six  branches  per  node  in  the  void  space, 

***0btained  by  taking  value  for  -270  +325  mesh  spherical  powder 
divided  by  13,74, 
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Table  17.  Computer  model  data  for  the  48  micron  spherical  copper 
powder. 


Go^c>  ~ 4.90  x 10®  gra“l 

N0/0  - G0/o  /2"  “ 2*^5  x 1q6  g^"1 

Maximum  Number  of  Channels*  » 

Go^>  + N0^©  " 3/2  « 7.35  x 10®  gm"1 


Density 

(gm/cnr) 

G^n  xlO  ^(gm  *) 

GP  /G0/3 

xl0“® 

(gm-1) 

V 

Fraction 
of  Channels 
Closed 

7.26 

1.14 

0.23 

0.059 

0.024 

0.52 

7.74 

0.55 

0.11 

0.15 

0.061 

0.61 

8.00 

0.28 

0.057 

0.18 

0.073 

0.65 

8.25 

0.038 

0.0078 

0.19 

0.078 

0.69 

8.40 

0 

0 

0.25 

0.102 

0.70 

This  assumes  six  branches  per  node  in  the  void  space. 
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Table  18,  Computer  model  data  for  the  48  micron  electrolytic 
copper  powder. 


G « 5.79  x 106  gnT* 

N0/0  - G0/0  1 2*  = 2.90  x 106  gm*1 

Maximum  Number  of  Channels*  «=> 

G<7>  + ^ = 3/2  Go  " 8*69  X 106  gm"1 


Density 

(gm/cm3) 

Gp  xl0‘6(gm"1) 

G/°  ,Gop 

xlO"6 
(gm_^ ) 

N/»  K* 

Fraction 
of  Channels 
Closed 

6.05 

2.40 

0.415 

0.105 

0.036 

0.403 

6.95 

0.824 

0.142 

0.272 

0.094 

0.603 

7.92 

0.048 

0,0083 

0.402 

0.139 

0.707 

*This  assumes  six  branches  per  node  in  the  void  space. 


Fractional  Genus  (G^  /G 
Fractional  Separate  Parts  ( 
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Figure  124,  Correlation  of  the  computer  model  results  and  the 
experimental  data  for  the  115  micron  spherical  and 
43  micron  spherical  and  electrolytic  powders. 
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are  isolated.  This  is  because  the  initial  portion  of  these  curves 
is  controlled  by  the  number  of  channels  incident  on  each  void,  six 
in  this  case  according  to  the  previous  assumption.  Note  that  this 
coordination  number  is  for  the  void  and  not  the  solid  space.  The 
coordination  number  for  the  solid  space  was  considered  earlier  in 
this  chapter  (Sections  6,2,1  and  6,2,3),  Steele  shows  that  the 
initial  slope  of  these  curves  is  given  by 


Slope 


-1 

1 - (2/b7n) 


(28) 


where  b/n  is  the  number  of  branches  or  channels  incident  on  each 


node  or  void,  respectively.  Since  b/n,  the  coordination  number,  is 
assumed  to  be  six,  the  data  in  Figure  124  must  all  lie  on  a lino 
whose  slope  is  -3/2  when  less  than  about  30  per  cent  of  the  branches 
have  been  removed. 

Separate  parts  are  observed  experimentally  after  approximately 
25  to  30  per  cent  of  the  channels  have  closed,  which  agrees  closely 
with  the  results  of  the  computer  model  (see  Section  6.7),  As 
separate  parts  begin  to  form,  the  data  deviate  from  linearity 
because  the  fraction  of  branches  removed  is  increased  without  an 
accompanying  decrease  in  genus.  Since  the  values  of  fractional 
number  of  separate  parts  are  greater  for  the  electrolytic  than  for 
the  spherical  powders,  for  the  same  fraction  of  branches  removed, 
the  fractional  values  of  genus  for  the  electrolytic  powder  lie  to 
the  right  of  those  for  the  spherical  powders  In  Figure  124. 

The  fact  that  the  fractional  number  of  separate  parts  is 
greater  for  the  electrolytic  than  for  the  spherical  powders 
indicates  that  the  coordination  number  is  less  for  the  void  space 
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network  of  the  electrolytic  powder  than  for  the  spherical  powders. 
This  can  be  shown  as  follows. 

Consider  equation  (7),  The  average  number  of  branches  per 
node  is  given  by 

CN 

b/n  - --  (29) 

where  CN  is  the  coordination  number.  Substituting  this  in  equation 


(7)  and  solving  for  Nc^  gives 


N. 


2Go  p 
CN  -2 


(30) 


where  N0^  and  G0^  are  the  maximum  values  of  number  of  nodes  per 
gram  and  genus  per  gram,  respectively.  Therefore,  Gc is  the  value 
of  genus  before  channel  closure  begins,  and  N is  the  number  of 

°P 

separate  parts  which  would  be  present  if  all  channels  closed.  Taking 
the  inverse  of  equation  (30)  and  multiplying  both  sides  by  , the 
number  of  separate  parts  per  gram,  gives 

(CN  - 2) 


Nr 


2G, 


(31) 


The  ratio  N^>  /N is  the  fractional  value  of  the  number  of  separate 
parts  per  gram. 

Now  consider  the  situation  when  the  fractional  separate  parts 
curves  for  the  spherical  and  electrolytic  powders  of  Figure  124  are 
forced  to  superimpose  rather  than  the  fractional  genus  curves  in 
Figure  124,  This  can  be  done  for  each  value  of  fraction  of  branches 
removed  as  follows.  Consider  the  values  for  60  per  cent  of  the 
branches  removed.  Here  Up  /Ne  i3  0,06  for  the  spherical  powders, 
and  N/j  is  0.27  x 106  for  the  electrolytic  powder.  Taking  0,06  a.s 
the  value  of  N p / N for  the  electrolytic  powder  forces  the  values 
of  fractional  separate  parts  to  coincide  for  the  electrolytic  and 
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spherical  powders.  Putting  these  values  Into  equation  (31)  and 
solving  for  CN,  a value  of  4.57  Is  obtained.  The  value  of  4.57 
is  not  significant  since  a coordination  number  of  6,0  was  assumed 
for  the  spherical  powders.  This  result  only  Indicates  that  the 
coordination  number  for  the  void  space  of  the  48  micron  electrolytic 
powder  is  less  than  that  for  a single  size  fraction  of  spherical 
powder  by  a factor  of  approximately  4,57/6  n 0.76, 

The  computer  model  results  for  the  5x5x5  network  are 
shown  in  Figure  125  with  the  experimental  curves  of  Figure  124 
superimposed.  The  experimental  data  do  not  approach  zero  fractional 
genus  with  increasing  fraction  of  branches  removed  as  slowly  as  the 
computer  model  data,  nor  do  the  fractional  separate  parts  data 
increase  as  rapdily  with  increasing  fraction  of  branches  removed  as 
the  computer  model  data.  This  is  because  fewer  separate  parts  are 
actually  formed  than  predicted  by  the  computer  model.  This  could  be 
due  to  the  occurrence  of  either  or  both  of  two  phenomena:  (1)  the 

disappearance  of  separate  parts;  or  (2)  the  failure  of  channels 
between  some  voids  to  close.  For  example,  three  voids  and  the 
channels  between  them  could  form  one  separate  part,  as  illustrated 
in  the  left  side  of  Figure  96,  This  phenomenon  is  referred  to  as 
agglomeration  of  separate  parts  by  Steele  [3],  This  agglomeration 
process  can  occur  in  connected  portions  of  the  void-space  network 
and  is  not  necessarily  associated  with  the  presence  of  separate 
parts.  In  either  case,  agglomeration  reduces  the  number  of  channels 
independent  of  the  channel  closure  process,  that  is,  without  the 
closure  of  channels. 


Fractional  Genus  and 
Fractional  Separate  Parts 
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Figure  125.  Comparison  of  the  computer  model  results  and  the 
experimental  results  for  the  115  micron  spherical 
and  48  micron  spherical  and  electrolytic  powders. 
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Further  evidence  for  the  disappearance  of  separate  parts  and/ 
or  fig gl operation  is  indicated  by  the  curves  in  Figure  126  which  show 
the  relation  between  fraction  of  channels  closed  and  volume  fraction 
of  porosity  during  second-stage  sintering  for  the  spherical  and 
electrolytic  powders.  The  fact  that  the  spherical  powders  lie  on 
the  same  curve  again  shows  the  similarity  in  their  sintering 
behavior.  The  tendency  for  all  three  powders  to  reach  bulk  density 
at  a value  for  fraction  of  channels  closed  less  than  1.0  indicates 
that  either  separate  parts  have  been  removed  or  agglomeration  is 
removing  channels. 

The  curves  of  Figure  126  also  show  that  the  density  change 
per  channel  closure  event  increases  with  density  for  all  three 
powders.  This  figure  indicates  that  channel  closure  and  densif lca- 
tion  are  associated,  but  not  necessarily  mutually  dependent  upon 
each  other.  This  is  apparent  since  denslf ication  takes  place  during 
first-stage  sintering  before  channel  closure  begins  and  during 
third-stage  sintering  when  all  channels  have  closed  and  only  simply 
connected,  nearly  spherical  separate  parts  remain  in  the  structure. 
The  observed  increase  In  density  change  per  channel  closure  event 
is  a result  of  fewer  channels  closing  while  densif ication  continues 
by  some  mechanism  or  mechanisms  which  do  not  depend  on  channel 
closure.  For  example,  it  may  be  possible  for  some  channels  to  close 
entirely  as  a result  of  surface  rounding,  in  which  case  no  densifica- 
tion  is  involved.  However,  it  may  be  necessary  for  denslf ication  to 
occur  before  other  channels  can  close,  densif Ication  being  necessary 
before  the  dimensions  of  these  channels  reach  an  unstable  configura- 


tion. 
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Figure  125,  Fraction  of  branches  removed  versus  volume 
fraction  of  porosity  for  the  115  micron 
spherical  and  48  micron  spherical  and 
electrolytic  powders. 
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6.9  Variation  In  the  Vold~Solld  Interface  Area  During  Sintering 
-?-or  the  48  Micron  Spherical  and  Electrolytic  Cooper  Powders 

Surface  area  per  unit  mass,  S ^ , and  per  unit  volume,  Sv, 

are  plotted  versus  pore  volume  fraction  In  Figure  86  for  the  48 

micron  spherical  end  electrolytic  powders.  Values  of  surface  area 

per  gram  lie  on  one  curve,  and  values  of  surface  area  per  cc  lie 

on  anotner  curve  for  both  powders.  The  surface  area  per  cc  curve 

exhibits  linear  behavior  in  the  range  of  pore  volume  fraction  from 

0*275  to  0,05,  This  covers  the  channel  closure  stage  or  second 

stage  of  sintering  for  the  spherical  powder.  Equation  (20)  indicates 

that  the  mean  pore  intercept,  \ , is  constant  over  the  density  range 

where  the  plot  of  surface  area  per  unit  volume  versus  pore  volume 

fraction  exhibits  linear  behavior.  Since  the  data  for  both  the  48 

micron  spherical  and  electrolytic  powders  lie  on  the  same  curve  in 

the  range  of  pore  volume  fraction  from  0,275  to  0.05,  the  mean  pore 

intercept  is  the  same  for  these  powders  in  this  density  range. 

The  curve  for  the  electrolytic  powder  starts  at  about  15  per 

cent  of  bulk  density  with  the  largest  value  of  surface  area  per  cc 

and  then  decreases  with  increasing  density  until  a pore  volume 

fraction  of  0,55  is  reached.  It  then  increases  with  increasing 

density  until  a pore  volume  fraction  of  0,45  is  reached,  after  which 

it  follows  the  same,  approximately  1 inear,  decrease  exhibited  by  the 

spherical  powder.  These  features  can  be  explained  as  follows. 

The  Initial  decrease  in  surface  area  per  cc  for  the  electrolytic 

powder  is  accompanied  by  a large  decrease  In  genus  as  the  result  of 

closure  of  small  channels  and/or  pulling  opart  of  filaments  (see 

Section  6,2.3),  Both  of  these  phenomena  are  accompanied  by  a 
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decrease  in  surface  area.  The  fact  that  the  rate  of  decrease  of 
surface  area  per  cc  increases  in  this  density  range  is  a result  of 
tvo  competing  effects.  First,  surface  area  is  pulled  into  a given 
unit  of  volume  occupied  by  the  sinter  structure  as  the  result  of 
shrinkage  of  the  sinter  body.  This  effect  tends  to  increase  the 
surface  area  per  cc  with  increasing  density.  Second,  channel 
closure  and/or  pulling  apart  of  filaments  and  surface  rounding 
produce  a decrease  in  the  surface  area.  The  rate  of  shrinkage 
decreases  with  increasing  density;  thus  the  rate  at  which  surface 
area  is  pulled  into  unit  volume  of  structure  decreases  with  increasing 
density,  Tne  rate  of  channel  closure  and/or  pulling  apart  of 
filaments  remains  approximately  constant,  as  shown  in  Figure  73. 

As  a result  of  this  variation  in  these  competing  effects,  the 
increase  in  the  rate  of  decrease,  as  exhibited  by  the  electrolytic 
powder,  is  expected.  This  is  illustrated  schematically  in  Figure 
127,  Curve  A shows  the  increase  in  surface  area  per  cc  produced  by 
shrinkage,  end  curve  B shows  the  variation  In  surface  area  per  cc 
produced  by  actual  structural  changes.  The  sum  of  curves  A and  B 
gives  curve  C,  the  actual  variation  in  the  surface  area  per  cc,  which 
has  the  same  shape  as  the  initial  part  of  the  curve  of  surface  area 
per  gram  for  the  electrolytic  powder  shown  in  Figure  86, 

In  the  following  discussion,  the  changes  referred  to  are  with 
respect  to  increasing  density. 

The  increase  in  surface  area  per  cc  in  the  range  of  pore 
volume  fraction  from  0.55  to  0.45  is  a result  of  the  first  effect 
mentioned  above,  that  is,  shrinkage  of  the  sinter  structure  pulling 
more  surface  area  into  unit  volume  of  the  structure.  That  this 
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Figure  127.  Illustration  of  the  variation  in  the  surface 
area  per  unit  volume  with  sample  density 
during  the  initial  decrease  in  genus  for  the 
48  micron  electrolytic  powder. 
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effect  can  produce  the  observed  Increase  In  surface  area  is  shown 
by  the  following. 

At  a density  of  3,99  gm/cc,  there  is  147  cm^/gm  of  surface 
area.  If  the  value  of  surface  area  per  gran  remained  the  sane  at  a 
density  of  4,96  gm/cc,  there  would  bo  730  cn^/cc  rather  than  the 
observed  676  cm  /cc  present  at  a density  of  4,96  gm/cc.  Therefore, 
it  is  possible  for  the  observed  increase  in  surface  area  per  unit 
volume  to  occur  while  tho  total  surface  area  of  the  sinter  structure 
decreases.  That  the  total  possible  increase  does  not  take  place  is 
probably  due  to  the  removal  of  some  surface  area  as  a result  of 
surface  rounding. 

The  observed  increase  in  surface  area  per  unit  volume  is 
therefore  a result  of  the  condition  that  phenomena  which  reaiova 
surface  area  are  not  occurring  rapidly  enough  to  overcome  the 
increase  accompanying  shrinkage.  This  is  in  agreement  with  the 
observation  that,  vhile  the  surface  area  per  unit  volume  is  increasing, 
the  genus  is  also  increasing.  Thus,  channel  closure  and  the  accompany- 
ing reduction  in  surface  area  is  not  occurring  at  a signif leant  rate 
relative  to  the  rate  of  Increase  in  surface  area  per  unit  volume 
resulting  from  shrinkage. 

The  increase  in  surface  area  per  cc  with  increasing  density 
observed  for  the  electrolytic  powder  apparently  does  not  occur  in 
the  48  micrcn  spherical  powder  during  first-stage  sintering.  However, 
a number  of  spherical  powders  apparently  exhibit  a small  or  zero 
slope  in  a plot  of  surface  area  per  cc  versus  sample  density  for  a 
period  during  first-stage  sintering  £32"].  The  spherical  powder 
has  necks  with  large  curvature  gradients  present  during  first-stage 
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sintering;  hence,  considerable  surface  rounding  takes  place.  This 
is  accompanied  by  a decrease  in  surface  area  which  is  apparently 
greater  than  the  increase  in  surface  area  per  unit  volume  produced 
by  shrinkage.  The  amount  of  surface  rounding  is  considerably  less 
for  the  electrolytic  powder  as  curvature  gradients  have  had  time  to 
sinter  out  to  some  extent  before  the  range  of  density  over  which 
surface  area  per  unit  volume  increases  is  reached. 

Further  support  for  this  basis  for  the  difference  in  the 
behavior  of  the  spherical  and  electrolytic  powders  lies  in  the 
curvature  plots  of  Figures  87  and  88,  The  electrolytic  powder 
exhibits  little  change  in  total  curvature  or  average  mean  surface 
curvature  in  the  range  of  density  where  the  surface  area  per  unit 
volume  is  increasing.  The  spherical  powder,  however,  exhibits  a 
large  change  in  both  these  parameters  during  first-stage  sintering 
as  a result  of  surface  rounding. 

The  linear  decrease  in  surface  area  per  unit  volume  with 
increasing  density  exhibited  by  the  electrolytic  powder  occurs 
during  second-stage  sintering.  This  covers  the  density  range  over 
which  large-scale  channels  are  closing.  This  linear  behavior  is 
well  documented  by  DeHoff,  _et  al_,  £32"]  and  Rhines,  et  al.  £33"], 

The  surface  area  per  cc  versus  pore  volume  fraction  curve 
deviates  negatively  from  linearity  during  the  third  stage  of 
sintering.  This  deviation  from  linearity  is  a result  of  the 
conglobation  process  £2"];  i,e.,  small  separate  parts  decrease  in 
size  and  disappear  while  larger  separate  parts  grow.  This  produces 
a coarsening  of  the  size  distribution  of  the  separate  parts  which 
is  accompanied  by  an  increase  in  the  mean  pore  intercept.  Equation 
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(20)  Indicates  that  If  ^ increases  with  decreasing  pore  volume 
fraction,  the  surface  area  per  unit  volume  versus  pore  volume 
fraction  curve  must  deviate  negatively  from  linearity.  Therefore, 
the  experimental  observations  agree  with  the  expected  occurrence 
of  the  conglobation  process. 

The  surface  area  per  gram  curve  for  the  electrolytic  and 
spherical  powders  shown  in  Figure  86  has  the  following  features. 

For  pore  volume  fractions  greater  than  0,55,  the  electrolytic  powder 
exhibits  a rapid  decrease  In  surface  area  per  gram  with  increasing 
density.  The  rate  of  this  decrease  is  largest  at  low  density  and 
decreases  with  increasing  density.  This  is  probably  a result  of 
decreasing  curvature  gradients  which  is  accompanied  by  a decrease 
in  the  rate  of  surface  rounding.  At  a pore  volume  fraction  of  0,55, 
closure  of  small  channels  and/or  pulling  apart  of  filaments  is 
complete.  This  results  in  a slower  rate  of  decrease  of  surface 
area  per  gram  starting  at  a pore  volume  fraction  of  0.55,  The 
surface  area  per  gram  decreases  in  the  range  of  pore  volume  fraction 
from  0.55  to  0,45  in  contrast  to  the  increase  in  surface  area  per  cc 
in  this  density  range.  This  is  in  agreement  with  the  fact  that  the 
energy  which  produces  sintering  is  obtained  through  a reduction  in 
surface  energy  or  surface  area  throughout  the  sintering  process. 

When  a pore  volume  fraction  of  0,45  is  reached,  the  surface 
area  per  gram  begins  to  decrease  more  rapidly  as  a result  of  the 
closure  of  large  channels.  The  rate  of  this  decrease  becomes  loss, 
due  to  the  decreasing  rate  of  channel  closure,  until  a pore  volume 
fraction  of  0.12  is  reached.  At  this  point,  the  rate  of  decrease 


once  again  increases. 
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The  break  In  the  surface  area  per  gram  curve  at  a pore  volume 
fraction  of  about  0,12  occurs  when  channel  closure  ceases,  Conglo- 
bation  of  separate  parts  and  the  accompanying  coarsening  of  the  size 
distribution  of  separate  parts  produce  the  accelerated  rate  of 
decrease  in  the  surface  area  per  gram  curve  below  a pore  volume 
fraction  of  0,12,  The  spherical  powder  appears  to  follow  the  same 
curve;  however,  the  data  are  not  sufficient  to  resolve  whether  or 
not  a break  occurs  when  channel  closure  ends  in  this  material. 

Consider  again  the  linear  behavior  of  the  surface  area  per 
unit  volume  versus  pore  volume  fraction  curves  during  second-stage 
sintering.  The  void-solid  interface  present  during  second -stage 
sintering  has  bean  referred  to  as  a conditional  minimal  surface 
[34~|,  The  conditional  minimal  surface  has  the  minimum  surface  area 
consistent  with  the  existing  conditions  of  genus  and  pore  volume 
fraction  of  the  structure. 

As  each  channel  closes,  a new  minimal  surface  is  created 
subject  to  the  new  conditions  of  genus  and  pore  volume  fraction. 

Each  channel  closure  event  may  produce  the  same  ratio  of  surface 
area  removed  to  density  increase  independent  of  channel  size  f 34"], 

As  a result  of  those  geometric  constraints  on  the  void-solid  inter- 
face end  the  channel  closure  event,  linear  behavior  is  expected 
during  second -stage  sintering. 

Consider  Figure  128,  which  shows  a plot  of  the  number  of 
channels  removed  versus  surface  area  per  gram  for  the  48  micron 
spherical  and  electrolytic  powders.  There  is  a marked  difference 
in  the  behavior  of  these  powders.  The  slope  of  the  curve  for  the 
electrolytic  powder  is  relatively  constant,  indicating  the  existence 
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Figure  128,  Number  of  channels  removed  versus  surface 
area  per  gram  for  48  micron  spherical  and 
electrolytic  copper  powders. 
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of  similar  conditions  as  far  as  channel  closure  is  concerned  through- 
out the  channel  closure  process,  A minimal  surface  would  be  expected 
to  behave  in  this  way. 

The  spherical  powder  exhibits  considerably  greater  deviation 
from  linearity  than  the  electrolytic  powder  in  Figure  128,  The 
greatest  deviation  occurs  during  the  first  portion  of  the  channel 
closure  process  if  the  curve  established  by  the  remaining  four  data 
points  is  taken  as  an  indication  of  minimal  behavior.  This  deviation 
of  the  spherical  powder  data  from  minimal  behavior,  indicated  by  the 
dotted  line,  can  be  described  as  a "channel  excess"  condition;  that 
is,  there  are  more  channels  in  the  surface  than  the  curvature  of  the 
surface  can  support.  These  channels  are  probably,  for  the  most  part, 
the  built-in  three-channels  of  the  structure.  They  close  rapidly 
with  increasing  density,  as  indicated  in  Figure  61,  and  with  little 
accompanying  surface  area  change,  as  indicated  by  Figure  128, 

The  surface  area  removed  per  channel  closure  event  is  nearly 
the  same  for  both  powders  at  high  density,  as  indicated  by  the  slopes 
of  the  curves  in  Figure  124  at  high  density  (low  S-  ),  Recall  that 
the  mean  pore  intercept  is  also  the  same  for  these  powders  through- 
out. second-stage  sintering  (see  Section  6,9),  These  structures  are 
compared  further  in  terms  of  curvature  of  the  void-solid  interface 
and  grain  boundary  structure  in  Sections  6,10  and  6,11,  respectively, 

6.10  Variation  In  Total  Curvature  per  Unit  Volume  and  Average 
Mean  Curvature  During  Sintering  for "the  48  Micron 
Spherical  and  Electrolytic  Cooper  Powders 

The  variation  in  total  curvature  per  unit  volume  and  average 
mean  surface  curvature  for  the  spherical  powder  agrees  well  with  the 
geometric  changes  discussed  previously.  Both  parameters  begin  at  a 
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large  positive  value,  as  shown  in  Figures  87  and  88,  and  decrease 
rapidly  with  increasing  density.  This  decrease  continues  throughout 
first-stage  sintering  and  is  the  result  of  the  positively  curved 
surfaces  of  the  particles  being  replaced  by  necks  which  have  one 
negative  and  one  positive  radius  of  curvature  (saddle  surface). 

When  channel  closure  begins,  the  average  mean  surface  curva- 
ture continues  to  decrease  because  positive  curvature  is  being 
replaced  by  negative  curvature,  as  shown  schematically  in  Figure 
129,  In  Figure  129a,  an  open  channel  is  shown  which  has  one  negative 
and  one  positive  radius  of  curvature.  When  this  channel  closes, 
two  negative  radii  cf  curvature  result,  as  shown  in  Figure  129b, 

Thus,  the  average  mean  surface  curvature  decreases  as  a result  of 
channel  closure.  This  decrease  continues  until  channel  closure  is 
complete.  The  ensuing  conglobation  of  separate  parts  and  the 
coarsening  of  their  size  distribution  cause  negative  curvature  to 
be  replaced  by  less  negative  curvature;  therefore,  the  average  mean 
surface  curvature  becomes  less  negative  late  in  the  sintering  process. 
The  total  curvature  per  unit  volume  for  both  the  electrolytic 
and  spherical  powders  first  becomes  more  negative,  reaches  a minimum 
and  then  becomes  less  negative  with  increasing  density,  as  shown  in 
the  curves  of  Figure  87.  The  total  curvature  per  unit  volume 
becomes  less  negative  because  the  surface  area  decreases.  As  the 
surface  area  per  unit  volume  tends  toward  zero,  the  total  curvature 
per  unit  volume  must  also  tend  toward  zero.  This  is  in  spite  of  a 
negative  increase  in  the  value  of  average  mean  surface  curvature  in 
the  same  density  range  for  both  the  spherical  and  electrolytic  powders. 
The  average  mean  surface  curvature  of  the  electrolytic  powder 
exhibits  essentially  the  same  features  as  the  spherical  powder,  A 
decrease  takes  place  up  to  a pore  volume  fraction  of  C.55  due  to 
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Figure  129.  Illustration  of  the  curvature  change  associated 
with  the  channel  closure  event. 
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the  closure  of  small  channels  and  surface  rounding.  In  the  range  of 
pore  volume  fraction  from  0,55  to  0,45,  the  decrease  continues  as 
a result  of  surface  rounding.  Few,  if  any,  channels  are  closing  in 
this  density  range.  Another  effect  occurring  in  this  density  range 
which  reduces  the  average  mean  surface  curvature  is  the  formation  of 
contacts.  An  event  of  this  type  removes  areas  of  positive  curvature 
and  replaces  them  with  a neck  which  has  one  negative  radius  of 
curvature. 

The  decrease  in  average  mean  surface  curvature  continues 
during  the  closure  of  large  channels.  After  channel  closure  Is 
complete  and  third -stage  sintering  is  reached,  the  average  mean 
surface  curvature  begins  to  increase,  as  in  the  case  of  the  spherical 
powder. 

6.11  Variation  In  Grain  Boundary  Structure  During  Sintering  for 

the_4g_Micron  Spherical  and  Electrolytic  Copper" Powders 

The  feacures  of  the  dependence  of  grain  boundary  area  per  cc 
and  grain  boundary  area  per  gram  on  pore  volume  fraction,  as  shown 
in  Figures  89  and  90,  respectively,  are  similar  for  both  the 
spherical  and  electrolytic  powders.  The  electrolytic  powder 
exhibits  an  increase  in  the  range  of  pore  volume  fraction  from  0.55 
to  0.45,  The  increase  Is  larger  for  the  grain  boundary  area  per  cc 
curve  because  grain  boundary  area  is  pulled  into  unit  volume  as  the 
result  of  shrinkage;  however,  the  increase  Is  not  produced  entirely 
by  this  effect  as  the  grain  boundary  area  per  gram  curve  also 
increases.  This  increase  is  caused  by  neck  growth,  as  nearly  all 
particles  are  joined  at  a grain  boundary,  and  by  the  formation  of 
contacts,  most  of  which  produce  more  grain  boundary  area. 
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From  a pore  volume  fraction  of  0.45  to  0.12,  the  grain  boundary 
area  per  cc  and  per  gram  for  the  electrolytic  powder  decreases  with 
increasing  density.  In  this  density  range,  channels  are  closing 
and  void  space  is  being  eliminated.  The  grain  boundaries  should  be 
pinned  less  effectively,  and, as  a result,  grain  growth  occurs.  The 
grain  boundary  area  per  cc  decreases  less  rapidly  than  the  grain 
boundary  area  per  gram  due  to  the  shrinkage  effect. 

At  a pore  volume  fraction  of  about  0,14,  exaggerated  grain 
growth  begins  and  both  grain  boundary  area  per  cc  and  grain  boundary 
area  per  gram  decrease  rapidly  with  increasing  density. 

The  spherical  powder  exhibits  somewhat  different  behavior. 

Both  the  grain  boundary  area  per  cc  and  the  grain  boundary  area  per 
gram  increase  with  increasing  density  during  first-stage  sintering 
and  during  the  first  portion  of  second-stage  sintering.  These 
parameters  decrease  after  exaggerated  grain  growth  begins  at  a pore 
volume  fraction  of  about  0.14,  The  increase  in  these  parameters 
during  first-stage  and  well  into  second-stage  sintering  is  expected 
to  accompany  neck  growth  which  occurs  during  this  period. 

There  is  one  essential  difference  in  the  behavior  of  these 
parameters  for  the  spherical  and  electrolytic  powders.  In  terras  of 
variation  in  the  grain  boundary  area,  the  electrolytic  powder 
exhibits  three  distinct  regions  of  behavior,  (1)  neck  growth  and 
contact  formation,  (2)  channel  closure  and  (3)  exaggerated  grain 
growth,  while  the  spherical  powder  has  only  two,  (1)  neck  growth 
end  contact  formation  and  (2)  exaggerated  grain  growth. 

Channel  closure  in  the  spherical  powder  does  not  begin  until 
a pore  volume  fraction  of  about  0,25  is  reached.  Since  exaggerated 
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grain  growth  occurs  at  a pore  volume  fraction  of  about  0.14,  channel 
closure  only  occurs  over  a narrow  range  of  pore  volume  fraction. 
Necks  are  still  growing  in  this  range,  and  their  influence  on  the 
variation  in  grain  boundary  area  is  apparently  dominant  in  this 
range.  Exaggerated  grain  growth  then  takes  place  before  normal 
grain  growth  becomes  a significant  factor  in  this  powder.  From  this 
behavior,  it  is  apparent  that  channel  closure  has  little  influence 
on  the  variation  in  grain  boundary  area  for  the  spherical  powder, 
whereas  channel  closure  is  dominant  over  a large  portion  of  the 
sintering  process  in  the  electrolytic  powder. 

The  fact  that  exaggerated  grain  growth  occurs  at  the  same 
pore  volume  fraction  for  both  powders  indicates  that  the  connectivity 
of  the  void  space  is  not  an  important  controlling  factor  in  regard 
to  inhibiting  exaggerated  grain  growth.  The  genus  per  gram  of  these 
powders  is  different  by  about  a factor  of  two  at  a pore  volume 
fraction  of  0.14  (see  Figure  106), 

The  total  grain  surface  area  per  cc  and  per  gram  behaves  as 
shown  in  Figures  91  and  92,  respectively.  These  curves  can  be 
explained  by  combining  the  discussion  above  with  that  of  Section 
6.11.  Note  that  the  data  in  Figures  89,  90,  91  and  92  lie  on  the 
same  curves  for  both  powders  for  pore  volume  fractions  less  than 
about  0,12. 

The  variation  of  mean  grain  intercept  during  sintering  is 
shown  in  Figure  93  for  both  powders.  The  spherical  powder  exhibits 
some  increase  in  mean  grain  intercept  in  the  range  of  pore  volume 
fraction  from  0,42  to  0,25  as  a result  of  neck  growth.  In  the 
density  range  accompanying  channel  closure,  little  or  no  change  takes 
place  from  a pore  volume  fraction  of  0,25  to  0.2;  however,  an  increase 
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takes  place  in  the  range  from  0.2  to  0,14.  The  electrolytic  powder 
exhibits  little  change  in  the  mean  grain  intercept  while  contacts 
are  forming  (Vy  « 0,55  to  0.45).  An  increase  takes  place  in  the 
grange  of  pore  volume  fraction  from  0.45  to  0,14  as  channels  are 
closing.  The  following  conclusions  can  be  drawn  from  this  behavior. 

; The  grain  size,  ns  indicated  by  the  mean  grain  intercept, 
increases  and  the  grain  boundary  area  decreases  as  channels  close 
in  the  electrolytic  powder.  The  grain  size  in  the  spherical  powder 
does  not  begin  to  increase  until  a volume  fraction  of  about  0.2  is 
reached.  Channels  begin  to  close  at  a pore  volume  fraction  of  0,25; 
however , the  conditional  minimal  configuration  (see  Section  6,9)  is 
not  reached  until  the  pore  volume  fraction  decreases  to  about  0.2, 

The  conditional  minimal  configuration  is  reached  in  the  electrolytic 
powder  at  a pore  volume  fraction  of  0.45,  which  is  when  the  grain  size 
increase  accompanied  by  channel  closure  begins  for  this  powder. 
Therefore,  it  is  apparent  that  the  conditional  minimal  configuration 
is  important  in  regard  to  normal  grain  growth, 
t;  From  the  preceding  discussion,  it  is  concluded  that  the 
Important  factors  regarding  normal  grain  growth  are  probably  the 
curvature  and  genus  of  the  void-solid  interface.  The  curvature 
and  genus  both  decrease  rapidly  with  increasing  density  for  the 
spherical  powder  until  the  conditional  minimal  configuration  is 
reached.  The  rapid  decrease  in  curvature  indicates  that  surface 
rounding  associated  with  neck  growth  is  still  an  important  factor 
even  after  channel  closure  begins  in  the  spherical  powder.  The 
increase  in  grain  boundary  area  per  gram  associated  with  this  neck 
growth  is  apparently  larger  than  the  decrease  in  groin  boundenrj' 
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area  per  gram  produced  by  grain  growth  accompanying  channel  closure. 
Therefore,  the  grain  boundary  area  per  gram  continues  to  increase 
in  the  spherical  powder  after  channel  closure  begins.  This  continues 
until  exaggerated  grain  growth  starts  at  a pore  volume  fraction  of 
about  0.14, 

After  the  conditional  minimal  configuration  is  reached, 
further  channel  closure  is  apparently  accompanied  by  normal  grain 
growth  in  the  electrolytic  powder.  This  is  not  observed  in  the 
spherical  powder  because  the  conditional  minimal  configuration  is 
reached  at  approximately  the  same  pore  volume  fraction  at  vrhich 
exaggerated  grain  growth  begins, 

Steele  [3]  has  pointed  out  that  genus  and  grain  growth  may 
be  related.  The  experimental  data  discussed  in  this  section 
indicate  that  this  is  apparently  the  case  for  normal  grain  growth; 
however,  exaggerated  grain  growth  is  apparently  not  affected  by 
differences  in  genus, 

6»12  General  .Features  of  the..  .Sintering  Pro  cess 

From  the  discussion  presented  in  the  preceding  sections,  it 
is  apparent  that  the  variation  of  a number  of  the  metric  properties 
during  sintering  can  be  better  understood  through  consideration  of 
the  topological  properties.  The  combination  of  the  metric  and 
topological  properties  yields  the  following  general  description  of 
the  sintering  process. 

The  sintering  process  can  be  divided  into  three  distinct 
stages  of  structural  change,  each  of  which  is  characterized  by  a 
different  geometric  process  and  path  of  structural  change. 


The  geometric  change  which  characterizes  the  first  stage 
depends  In  part  on  the  shape  of  the  powder  particles.  The  changes 
which  occur  during  the  first  stage  are  restricted  to  the  region  of 
the  contacts  between  particles.  In  the  irregular  electrolytic 
powder,  small  channels  close,  filaments  pull  apart  and  contacts 
between  particles  increase  in  size.  This  is  accompanied  by  the 
removal  of  short-range  surface  irregularities.  The  first  stage 
in  the  less  irregularly  shaped  spherical  powders  is  characterized 
by  growth  of  contacts  between  particles,  that  is,  neck  growth,  and 
by  the  removal  of  short-range  surface  irregularities.  The  genus 
decreases  in  the  irregular  powder  and  increases  or  remains  nearly 
constant  in  the  spherical  powder.  Therefore,  this  stage  cannot  be 
generally  characterized  according  to  the  variation  in  the  topological 
properties.  The  surface  area  per  gram  decreases, while  the  surface 
area  per  unit  volume  may  increase,  decrease  or  remain  unchanged. 

The  average  mean  surface  curvature  becomes  more  negative  and  the 
mean  grain  intercept  remains  nearly  constant  or  increases  slightly. 
The  grain  boundaries  remain  pinned  in  the  neck  regions  between 
particles, 

Channel  closure  characterizes  the  second  stage  of  sintering. 

As  a result  of  channel  closure,  the  genus  decreases  toward  zero  and 
separate  parts  are  Isolated,  The  average  mean  surface  curvature 
continues  to  become  more  negative.  The  surface  area  per  unit 
volume  decreases  linearly  with  pore  volume  fraction,  and  the  mean 
pore  intercept  remains  constant  during  the  second  stage.  Before 
channel  closure  begins,  triple  lines  in  the  grain  structure  are 
nearly  all  of  the  type  void-sol  id-sol  id  and  the  grain  boundaries 
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are  pinned  by  the  void  space  network,.  As  channels  close,  triple 
lines  of  the  type  solid-solid-solid  are  formed.  As  a result,  the 
grain  structure  becomes  less  anchored  by  the  void  space  network, 
and  grain  growth  begins.  This  continues  until  the  genus  is  nearly 
zero,  at  which  time  exaggerated  grain  growth  begins  and  the  mean 
grain  intercept  begins  to  increase  rapidly. 

The  third  stage  of  sintering  is  reached  when  channel  closure  is 
complete.  This  stage  is  characterized  by  conglobation  of  the  isolated 
separate  parts.  The  surface  area  per  unit  volume  deviates  negatively 
from  linearity  with  decreasing  pore  volume  fraction,  and  the  average 
mean  surface  curvature  becomes  less  negative.  The  mean  pore  inter- 
cept increases  slightly,  and  the  mean  grain  intercept  continues  to 
increase  rapidly  as  a result  of  exaggerated  grain  growth, 

6,13  Sampling  Error  Involved  in  the  Determination  of  the  Genus 

and  Number  of  Separate  Parts 

6,13,1  Difference  Between  GySX  and  Gy"n 

Recall  that  a maximum  and  minimum  limit  of  the  value  of  genus 
is  determined  by  means  of  Method  III  presented  in  Chapter  IV,  That 
these  values  bracket  the  actual  value  of  genus  is  demonstrated  by 
means  of  an  ideal  node-branch  network  In  Appendix  4,  It  is  also 
shown  in  Appendix  4 that  as  the  area  of  each  serial  section  that  is 
analyzed  is  increased,  the  difference  between  the  maximum  and  the 
minimum  values  obtained  for  the  genus  decreases.  As  a result,  it 
can  be  stated  that  as  the  surf ace- are a- to- volume  ratio  of  the  sample 
analyzed  decreases,  the  difference  between  the  experimentally 
determined  maximum  and  minimum  values  of  genus  also  decreases. 
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It  was  found  exper iraenfcally  that  if  150  to  200  features  or 
void  areas  are  contained  in  the  area  analyzed  on  each  serial  section, 
then  the  difference  between  G®3*  and  G®in  is  less  than  15  per  cent  of 
the  value  of  G™ax,  Therefore,  if  G^;  ‘ and  G™*n  are  averaged,  the 
resulting  value  will  be  within  about  7 per  cent  of  the  actual  value 
of  genus  per  unit  volume, 

6,13,2  Correlation  Error 

Some  error  is  involved  in  comparing  adjacent  serial  sections 
during  the  experimental  analysis  as  it  cannot  always  be  unambiguously 
established  that  a certain  event  has  occurred  between  sections.  As 
a result,  it  is  necessary  to  make  some  arbitrary  decisions  during 
the  analysis,  the  number  of  which  increases  relative  to  the  total 
number  of  observations  as  the  spacing  between  serial  sections  is 
increased.  The  error  accompanying  the  correlation  of  adjacent 
serial  sections  may  bo  reduced  to  an  acceptable  level  by  choosing 
the  spacing  of  the  sections  so  that  the  number  of  arbitrary  decisions 
which  must  be  made  is  a reasonably  small  fraction  of  the  total  value 
of  the  parameter  being  monitored.  This  spacing  must  be  established 
for  each  structure  examined.  If  a spacing  of  approximately  0.T  of 
the  particle  diameter  is  used,  then  one  event  in  about  250  has  to 
be  established  arbitrarily. 

As  the  spacing  is  decreased,  a greater  number  of  sections 
Bust  ba  considered  in  order  to  analyze  the  same  total  thickness,  or 
volume  of  material.  Therefore,  as  the  spacing  is  decreased,  the 
total  ci£<e  spent  in  correlating  the  serial  sections  is  increased 
proportionally. 
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The  maximum  error  resulting  from  arbitrary  decisions  during 
the  course  of  this  work  is  present  in  the  results  for  the  lowest 
density  samples  of  the  48  micron  electrolytic  powder  due  to  the 
highly  irregular  void-solid  interface  of  these  samples  (see  Figures 
47,  48  and  49).  This  error  for  these  samples  is  probably  at  most 
a few  per  cent,  and  for  the  remaining  samples,  it  is  probably  less 
than  1 per  cent, 

6.13.3  Total  Number  of  Serial  Sections  Which  Must  Be 
Analyzed  to  Obtain  a Given  Level  of  Accuracy 

The  number  of  serial  sections  which  must  be  analyzed  before 
the  linear  portion  of  the  cumulative  plots  is  reached  depends  on  the 
circuit  size  or  the  size  of  the  separate  parts  in  the  structure 
relative  to  the  spacing  between  the  serial  sections.  Linearity  is 
not  reached  until  a thickness  has  been  analyzed  such  that  the 
largest  circuits  or  separate  parts  in  the  sample  are  detected.  After 
linearity  is  reached,  an  additional  number  of  sections  must  be 
analyzed  in  order  to  determine  the  slope  of  the  linear  portion. 

This  number  of  sections  can  be  established  by  applying  a least-squares 
analysis  to  the  linear  portion  of  the  curve.  It  was  found  experi- 
mentally during  the  course  of  this  work  that  less  than  50  serial 
sections  must  be  analyzed  in  order  to  establish  the  slope  to  within 
a few  per  cent  accuracy. 

6.13.4  Error  Resulting  from  Inhomogeniety  of  the  Sinter 
Structures 

It  is  apparent  from  the  nature  of  sintered  materials  that 
their  structures  are  inhomogeneous,  at  least  over  short  distances, 
as  a result  of  local  irregularities  in  the  particle  stacking,  and 
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over  greater  distances  in  compacted  structures  and  in  structures 
consisting  of  a size  distribution  of  particles  from  which  the 
smaller  particles  may  separate  prior  to  sintering.  If  a sample 
containing  several  hundred  particles  is  analyzed,  small-scale 
inhomogenieti.es  are  averaged  out.  For  most  of  the  samples  analyzed 
during  the  course  of  this  work,  on  the  order  of  100  particles  were 
contained  in  the  area  of  each  serial  section  considered;  therefore, 
the  total  number  of  particles  included  in  the  volume  analyzed  is 
about  400  to  500,  Long-range  inhomogenieties,  such  as  gravitational 
effects  £35~|,  should  not  be  important  as  far  as  the  results 
obtained  during  the  course  of  this  work  are  concerned. 

All  samples  analyzed  during  the  course  of  this  work  were 
taken  some  distance  (at  least  1/8  inch)  from  the  surface  of  the 
respective  sinter  bodies  so  that  rapid  closure  of  channels  adjacent 
to  the  surface  ^30~j  would  not  affect  the  results.  Therefore,  it  is 
expected  that  the  results  of  this  work  are  representative  of  the 
bulk  properties  of  the  respective  sinter  structures, 

6,13,5  Error  Resulting  from  Uncertainty  in  the  Position  of 
the  Deformation  Retract 

Recall  that  the  node-branch  networks  on  which  the  theory 
and  experimental  analysis  are  based  consist  of  nodes  and  branches 
which  are  points  and  lines,  respectively,  and  hence  occupy  no 
volume  as  do  the  void  or  material  spaces  of  an  actual  sinter  body. 

The  position  of  the  deformation  retract  cannot  be  uniquely  established 
for  an  actual  sinter  structure,  and  its  position  becomes  increasingly 
uncertain  as  the  volume  fraction  of  the  space  it  represents 
increases.  Therefore,  some  error  is  Introduced  into  the  experimental 
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results.  Consider,  for  example.  Figure  130  which  shows  a portion 
of  the  void  or  material  space  of  a sinter  structure.  Assume  that  if 
the  void-solid  Interface  was  shrunk  uniformly  until  only  nodes  and 
branches  were  present,  the  superimposed  network  shown  in  Figure  130a 
would  be  formed.  If  this  portion  of  the  network  were  sectioned  in 
the  direction  indicated  so  that  the  side  of  the  sample  passed  along 
the  dotted  line  with  the  sample  to  the  right  of  the  dotted  line, 
then  an  error  would  be  introduced  as  follows.  Consider  first  the 
maximum  limit  of  the  genus.  In  this  case,  the  branches  crossing  the 
sample  surface  at  the  points  indicated  by  arrows  in  Figure  130a  would 
be  connected  to  the  exterior  node.  During  the  actual  aiialysis,  the 
position  of  the  branches  cannot  be  precisely  established  due  to  the 
three-dimensional  character  of  a channel;  thus,  the  node-branch 
configuration  shown  in  Figure  130b  is  assumed.  As  a result,  the 
number  of  branches  incident  on  the  external  node  is  less  than  it 
should  be,  and  in  general  the  experimentally  determined  maximum 
limit  of  genus  is  less  than  the  true  maximum  limit. 

This  effect  causes  the  experimentally  determined  minimum 
limit  of  genus  to  be  in  error  also.  In  this  case,  the  branches 
crossing  the  surface  of  the  sample  in  Figure  130a  are  assumed  to  be 
capped  at  the  sample  surface,  and  there  is  no  connection  through  the 
network  between  points  1 and  2,  In  the  actual  analysis,  however, 
the  network  shown  in  Figure  130b  is  obtained  with  the  branch  to  the 
external  node  capped  at  the  sample  surface,  indicating  points  1 and 
2 as  connected.  Therefore,  the  experimentally  determined  minimum 
value  of  genus  is  greater  than  the  true  minimum  limit. 

Note  that  both  the  maximum  and  minimum  experimentally 
determined  values  of  genus  are  changed  by  the  effect  described 


300 


Figure  130,  Schematic  void  space  configuration  employed  to 
illustrate  the  error  resulting  from  uncertainty 
in  the  position  of  the  deformation  retract. 
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above  In  such  a way  that  they  approach  each  other  as  the  error 
Increases,  The  maximum  value  will  always  be  greater  than  the 
minimum  value  as  the  result  of  branches  connected  to  the  external 
node;  however,  it  is  possible  for  the  minimum  value  to  be  greater 
than  the  actual  value  of  the  genus  or  for  the  maximum  value  to  be 
less  than  the  actual  value  as  a result  of  this  effect.  Since  this 
effect  decreases  the  maximum  and  increases  the  minimum  values  of 
genus,  the  experimentally  determined  values  should  lie  closer  to  the 
actual  value  of  genus  than  in  the  ideal  case.  The  experimentally 
determined  values  will  not  lie  further  from  the  actual  value  than 
for  the  ideal  case. 

It  is  likely  that  the  maximum  and  minimum  exper imental  values 
lie  close  to  the  actual  value  for  all  samples  analyzed  during  the 
course  of  this  work.  This  is  because  the  maximum  possible  difference 
between  these  three  values  is  small  since  the  genus  of  the  structures 
analyzed  is  large  and  the  area  analyzed  on  each  section  is  also 
large.  An  indication  of  the  maximum  error  which  could  result  from 
this  effect  can  be  obtained  as  follows. 

The  7,05  gm/cc  sample  of  the  115  micron  spherical  powder  is 
used  as  an  example  since  the  error  for  the  analysis  of  the  metal 
space  of  this  sample  Is  probably  more  than  that  for  any  of  the  other 
samples  analyzed  during  the  course  of  this  work, 

The  error  resulting  from  the  indeterminancy  of  the  positions 
of  branches  increases  as  the  volume  fraction  of  the  space  under 
consideration  increases.  That  this  error  is  present  is  indicated 
by  little  or  no  difference  between  the  slopes  of  the  cumulative 
maximum  anc!  minimum  genus  versus  volume  of  material  analyzed  curves. 
This  can  be  seen  in  Figures  57,  58,  62,  78  and  79, 
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The  value  of  genus  per  unit  volume  for  the  7.05  gm/cc  sample 
of  the  115  micron  spherical  powder  is  0.951  x 10®  cm*^,  From 
equations  (48),  (50),  (54)  and  (55),  the  difference  between  the 
maximum  and  minimum  values  of  connectivity  per  unit  volume  for  a 
stack  of  six-branch  nodes  in  the  shape  of  a circular  cylinder  with 
diameter,  D,  is 


max  min  4 

cv  - cv  . 


(32) 


where  S is  the  edge  length  of  a cube  with  volume  equal  to  the 
average  volume  occupied  by  one  six-branch  node,  A circular  cylinder 
is  used  because  the  area  of  each  section  analyzed  for  the  115  micron 
spherical  powder  samples  was  circular.  Equation  (52)  can  be  solved 
for  S using  the  above  value  of  genus.  Equation  (32)  can  then  be 
solved  to  obtain  an  estimate  of  the  maximum  difference  between  the 
maximum  and  minimum  values  of  genus  per  unit  volume.  The  value 


obtained  is 


max  min  _ a -j 
Gv  - Gy  - 0.3  x 106  cm"3 


This  difference  is  indicated  by  the  dotted  lines  in  Figure  58, 
assuming  the  experimental  slope  is  the  actual  value.  The  dotted 
lines  give  an  estimate  of  the  maximum  possible  difference.  This 
indicates  that  the  maximum  error  involved  in  taking  the  slope  of 
the  experimental  curve  as  the  actual  value  is  not  very  large,  A 
number  of  the  experimental  curves  differ  by  about  the  same  relative 


amount  as  the  dotted  lines  of  Figure  58,  Therefore,  the  error 
due  to  the  effect  discussed  in  this  section  is  generally  small. 
This  error  decreases  as  the  volume  fraction  of  the  space  (metal 
or  void)  analyzed  decreases  (i.e.,  as  the  position  of  the  deforma- 
tion retract  becomes  more  certain). 
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6,13.6  Error  Resulting  from  the  Presence  of  Large-Scale 
Features  in  the  Structure 

Some  error  may  result  from  the  fact  that  large  circuits  or 
separate  parts  in  the  structure  under  consideration  may  not  be 
observed  as  a result  of  the  limited  size  of  the  volume  of  the 
structure  which  is  analyzed.  The  smallest  loops  and  separate  parts 
which  can  remain  unobserved  have  approximately  the  same  dimensions 
as  the  volume  analyzed.  This  effect  becomes  more  important  for 
small  values  of  genus  per  unit  volume.  The  volume  analyzed  must  be 
increased  in  order  to  establish  a result  of  the  same  accuracy  as  the 
genus  decreases.  When  a thickness  has  been  analyzed  which  is  of 
the  order  of  the  dimension  of  the  area  analyzed  on  each  section, 
further  increase  in  the  thickness  analyzed  will  not  increase  the 
accuracy  of  the  results.  In  order  to  further  increase  the  accuracy, 
both  the  area  and  thickness  analyzed  must  be  increased. 

For  the  volumes  analyzed  during  the  course  of  this  work  for 
the  48  micron  powders,  the  error  described  above  could  be  as  large 
as  0,02  x 10  cm”  , which  is  small  relative  to  most  of  the  values 
of  genus  and  number  of  separate  parts  obtained  for  these  samples 
(see  Tables  9,  10  and  11),  For  the  samples  having  low  values  of 
genus,  this  effect  could  be  significant;  however,  the  trend  in  the 
genus  and  number  of  separate  parts  with  density  established  during 
the  course  of  this  work  would  not  be  significantly  affected  even 
if  these  low  values  of  genus  and  number  of  separate  parts  were 
considerably  in  error. 

Recall  (see  Section  5,3,2)  that  a large  fraction  of  the 
separate  parts  observed  are  small  separate  parts  so  the  error 
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resulting  from  failure  to  detect  large  separate  parts  should  not 
be  significant  relative  to  the  total  number  of  separate  parts 
observed. 

6,13.7  Error  in  the  Number  of  Separate  Parts 

Separate  parts  which  intersect  the  surface  of  the  volume 
analyzed  were  not  included  in  the  number  of  separate  parts  counted 
during  the  analysis  of  samples  considered  during  the  course  of  this 
work.  The  resulting  error  is  less  than  11  per  cent  according  to 
the  calculations  in  Appendix  2, 

6.14  The  Design  of  Serial  Sectioning  Experiments 

As  a result  of  the  experience  gained  during  the  course  of 
this  work,  the  following  summary  can  be  made  concerning  the 
experimental  procedure  and  the  accompanying  accuracy  of  the  result. 

In  general,  the  space  with  the  lowest  volume  fraction  should 
be  chosen  for  analysis.  Ideally,  the  serial  sections  should  be 
spaced  so  that  10  or  more  Intersect  a distance  equal  to  the  diameter 
of  the  smallest  particles  from  which  the  structure  was  formed.  For 
an  actual  structure-  at  low  density,  It  may  be  desirable  to  neglect 
the  smallest  particles  so  that  a larger  spacing  between  sections 
can  be  used.  The  spacing  of  the  serial  sections  must  be  established 
for  each  case  so  that  the  error  and  time  spent  in  the  analysis  are 
optimized.  The  area  analyzed  on  each  serial  section  should  contain 
about  150  features  or  void  areas  and  about  50  serial  sections 
should  be  analyzed.  Under  these  conditions,  the  average  of  G™ax 
and  G^in  (G^ax/2  + G™in/2)  will  be  within  about  10  per  cent  of  the 
actual  value  of  genus  of  the  structure  analyzed. 


CHAPTER  VII 


CONCLUSIONS  AND  SUGGESTED  RESEARCH 
7 , 1 Conclusions 

1,  The  method  of  analysis  developed  during  the  course  of  this 
research  can  be  employed  to  determine  the  topological  properties, 
genus  and  number  of  separate  parts  of  the  void-solid  interface  of 
any  sinter  structure. 

2,  The  general  features  of  the  variation  of  the  topological 
properties  of  sinter  structures  during  sintering  were  found  to  depend 
on  the  shape,  size  and  stacking  of  the  particles  from  which  the 
structures  are  formed.  The  particle  shape  is  important  during  the 
first  stage  of  sintering.  In  structures  formed  from  Irregularly 
shaped  particles,  multiple  connections  between  pairs  of  adjacent 
particles  may  form  channels  and  filaments,  A decrease  in  genus 
occurs  as  these  channels  close  and  the  filaments  pull  apart.  After 
this  decrease  is  complete,  the  genus  may  increase  as  a result  of 

the  formation  of  new  contacts  produced  by  shrinkage.  In  structures 
formed  from  particles  with  smooth  surfaces,  the  genus  increases 
throughout  the  first  stage  of  sintering  as  a result  of  the  formation 
of  contacts  between  particles.  The  remainder  of  the  path  of  change 
of  the  topological  properties  is  similar,  independent  of  the 
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irregularity  in  the  shape  of  the  particles.  The  genus  begins  to 
decrease  and  separate  parts  are  formed  when  channels  formed  by 
three  or  more  particles  begin  to  close.  This  continues  until  the 
genus  reaches  zero  and  the  structure  consists  entirely  of  simply 
connected  separate  parts.  After  channel  closure  is  complete, 
conglobation  dominates  the  remainder  of  the  sintering  process. 

If  the  particle  shape  and  stacking  is  held  constant  and  the 
size  of  the  particles  is  decreased,  the  magnitude  of  the  specific 
topological  properties  throughout  the  sintering  process  is  increased. 
Tho  specific  topological  properties  of  two  structures  formed  from 
particles  which  differ  only  in  size  can  be  related  by  a scale  factor 
which  is  established  by  the  relative  size  of  the  particles. 

Differences  in  particle  stacking  affect  the  sample  density  at 
which  each  of  the  three  stages  of  the  sintering  process  begins  and 
ends.  The  unsintered  density  is  decreased  by  reducing  the  coordina- 
tion number  of  the  particles.  As  a result,  first-stage  sintering 
begins  at  a lower  density  when  the  coordination  number  in  the 
unsintered  stack  is  reduced.  This  is  also  true  of  second- and  third- 
stage  sintering, 

3,  The  variation  in  the  metric  properties  during  sintering 

of  the  structures  for  which  the  topological  properties  wTere  measured 
is  consistent  with  the  three-stage  behavior  of  the  topological 
properties  during  the  sintering  process. 

4,  The  variation  in  the  grain  boundary  structure  during 
sintering  was  found  to  be  closely  linked  to  the  variation  in  the 
genus.  During  the  first  stage,  the  grain  boundaries  are  pinned  in 
the  neck  regions  between  particles.  As  channel  closure  takes  place. 
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triple  lines  of  the  type  sol  id-sol  id-sol  id  are  formed  and  the  grain 
boundaries  become  less  pinned.  Normal  grain  growth  can  then  take 
place,  more  grain  growth  occurring  as  more  channels  close.  This 
continues  until  exaggerated  grain  growth  begins.  The  evolution  of 
the  grain  boundary  network  through  normal  grain  growth  is  restricted 
by  the  genus  of  the  void-solid  interface.  The  concept  of  a 
conditional  minimal  interface  can  be  extended  to  include  the  grain 
boundary  network;  that  is,  a given  surface  area  per  unit  volume, 
pore  volume  fraction  and  value  of  genus  has  associated  with  it  a 
given  grain  boundary  structure.  As  the  genus  and  pore  volume 
fr  action  decrease,  so  does  the  grain  boundary  area  through  grain 
growth.  The  conditional  minimal  void-solid  interface  plus  the 
grain  boundary  network  can  be  referred  to  as  the  conditional 
minimal  structure, 

5,  The  combination  of  the  topological  and  metric  properties 
provides  a detailed,  quantitative  description  of  the  geometric 
structure  of  a sinter  body  at  any  stage  of  the  sintering  process, 

7,2  Suggested  Research 

The  observations  made  during  the  course  of  this  work  indicate 
that  the  evolution  of  the  topological  properties  of  the  void-solid 
interface  and  the  grain  structure  of  a sinter  body  are  closely 
related.  Coble  ^22l  has  suggested  that  a "metastable  structure  of 
pores  and  grain  boundaries”  exists  during  second-stage  sintering. 

Much  work  has  been  done  on  the  role  grain  boundaries  play  in 
the  sintering  process  f9,  22,  31  and  37  to  All,  This  work  indicates 
that  a study  of  the  evolution  of  the  void-solid  interface  and  the 
grain  structure  during  second-and  third-stage  sintering  by  means  of 


the  serial  sectioning  technique  could  yield  valuable  information 
concerning  the  sintering  process,  grain  growth  and  the  interaction 
between  the  two. 
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The  topological  properties  of  the  phases  and  the  interface 
between  phases  in  two-phase  and  multi-phase  materials  may  also  be 
of  interest.  The  evolution  of  the  genus  (or  connectivity)  during 
phase  transformations  has  been  mentioned  previously  [4,  14*|,  An 
investigation  of  the  evolution  of  the  topological  properties  during 
phase  transformations  could  yield  a more  detailed  description  of  the 
structural  evolution  during  phase  transformations  than  is  presently 
available. 

It  has  also  been  pointed  out  that  highly  connected  structures 
may  bo  present  in  superplastic  two-phase  alloys  [3],  The  topological 
properties  of  these  alloys  may  be  of  importance  in  establishing  a 
relationship  between  structure  and  the  superplasticity  phenomenon 
in  these  alloys. 


APPENDICES 


APPENDIX  1 


DETERMINATION  OF  THE  NUMBER  OF  IDENTIFIABLE  FEATURES 
PER  UNIT  VOLUME  USING  SERIAL  SECTIONS 

It  is  necessary  to  determine  the  genus  and  number  of  separate 
parts  on  a per -unit-volume  basis.  A general  approach  for  determining 
the  number  of  identifiable  features  per  unit  volume  from  measurements 
made  on  serial  sections  was  developed  by  Steele  [3"]  and  is  presented 
here. 

In  order  for  this  technique  to  produce  a representative  value 
for  the  number  of  features  per  unit  volume,  it  is  necessary  to 
assume  a homogeneous  structure  within  a sample  volume,  Vg,  where 
< < V,  the  total  volume  of  the  structure,  and  yet  larger  than 
the  incremental  volume  between  adjacent  serial  sections.  The 
expected  number  of  features  within  a sample  volume,  Vg,  is 

<NS>  » N^Vg  (33) 

where  Ny  is  the  average  volume  density  of  the  features  of  interest. 

The  cumulative  number  of  features  observed  with  the  sectioning 
technique  after  n incremental  volumes  have  been  considered  is  given 
by 

n 

N(n)  - N0  4-  y N , (34) 

i=»l 
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where  Ng  is  the  number  observed  on  the  initial  section,  and  Nj  is 
the  number  of  features  in  the  incremental  volume.  Thus,  for 
large  values  of  n [i.e.,  vhere  the  cumulative  sample  volume,  V(n), 
is  greater  than  Vg J,  the  summation  in  equation  (34)  can  be  approxi- 
mated by  NyV(n) ; therefore 


N(n)  ~ N0  + NvV(n)  (35) 

The  cumulative  iiutnber  of  features  will  therefore  increase  linearly 
with  volume  sectioned,  for  n sufficiently  large.  Hence,  the  slope 
of  a plot  of  the  cumulative  function,  N(n),  versus  cumulative  sample 
Volume,  V(n),  is  the  average  volume  density  of  features,  Ny. 

A cumulative  volume  density  of  features  can  also  be  defined 

♦ ' 

Ny(n)  « ™ (36) 

, V(n) 


and  measured  as  a function  of  the  volume  of  material  sampled.  This 
function  converges  to  the  asymptotic  value,  Ny,  since 


Lir£Ny(n)  ] Lim  £«-«•>*»  J » Lira  P + Ny"]  « Ny 


(37) 


r*<- 1*  V(n)  n-s=>t3>  V(n) 

The  two  functions,  N(n)  and  Ny(n),  are  illustrated  in  Figure  131 
[]3J  for  grains  in  polycrystalline  aluminum.  The  value  of  cumulativ 


density,  N„(n),  is  approximately  10  per  cent  higher  than  the 
estimate  of  its  asymptotic  value  obtained  from  the  slope  of  the 
linear  relation  between  the  cumulative  number,  N(n),  and  n.  The 
asymptotic  value  is  represented  by  the  dashed  line  in  Figure  131, 
This  example  Indicates  that  the  slope  of  a plot  of  cumulative 
number  versus  volume  of  material  sampled  or  analyzed  gives  the 
best  estimate  of  the  number  per  unit  volume,  since  the  cumulative 
density  converges  very  slowly. 
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Figure  131,  Cumulative  grain  data  obtained  from  72  serial  sections.  Note  that  the 
cumulative  density  approaches  the  asymptote  (dashed  line),  which  was 
calculated  from  the  slope  of  the  cumulative  number  data  (Steele  [3"]), 


APPENDIX  2 


SEPARATE  PARTS  ERROR  RESULTING 
FROM  THE  SURFACE  EFFECT 

For  all  sinter  structures  analyzed  during  the  course  of  this 
work,  the  shape  of  a large  fraction  of  the  isolated  separate  parts 
can  be  characterized  as  nearly  spherical  in  shape.  In  this  case, 
the  error  resulting  from  neglecting  those  separate  parts  which 
contact  the  sides  of  the  sample  can  be  estimated  by  means  of  the 
following  model. 

The  average  diameter,  D,  of  the  separate  parts  can  be 
approximated  by  1,5  times  the  mean  pore  intercept,  \ , which  is 
given  by  equation  (20), 

Separate  parts  which  have  centers  less  than  D from  the  sides 
of  the  sample  will  contact  the  sides  of  the  sample.  Consider 
Figure  132,  The  square  area  which  is  analyzed  ou  each  serial 
section  has  sides  of  length  L,  After  a thickness  t has  been 
analyzed,  all  separate  parts  with  centers  lying  in  the  volume  swept 
out  by  the  shaded  area  to  a depth  t will  contact  the  sides  of  the 
sample.  Only  those  separate  parts  which  contact  the  sides  of  the 
sample  and  have  their  centers  inside  the  volume  analyzed  will 
contribute  to  the  error.  Those  separate  parts  which  intersect  the 
top  and  bottom  of  the  volume  analyzed  can  be  neglected  as  it  is  only 
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Sample 

Surface 


Figure  132.  Illustration  used  to  estimate  the 
separate  part  error  resulting  from 
the  surface  effect. 
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necessary  to  determine  the  change  in  the  number  of  separate  parts 
which  intersect  the  sample  surface  with  volume  analysed  in  order  to 
determine  the  error  in  the  number  of  separate  parts  per  unit  volume. 
The  number  which  intersects  the  sides  of  the  sample,  Ng,  after  a 
thickness,  t,  has  been  analyzed  is 


Ns  « [4LD/2]t  Nv 

where  Ny  is  the  number  of  separate  parts  per  unit  volume.  This 
number  divided  by  the  number  of  separate  parts  in  the  volume 
analyzed  is  the  relative  error,  E,  and  is  given  by 

4LDt. 


(38) 


2 


L2tN, 


-Nv  pi; 

— — *3 

L 


(39) 


Host  values  of  L used  dux'ing  the  course  of  this  work  are 

approximately  7 x 10~2  cm  or  greater,  as  shown  in  Table  19,  The 

value  of  ^ is  approximately  26  microns  for  most  of  the  structures 

prepared  from  the  48  micron  powders;  therefore,  the  relative  error 

according  to  equation  (39)  is 

2(39  x 10"^) 

E a — **  0,11 

7 x 10“2 

Thus,  the  error  in  Ny,  due  to  the  sample  surface  effect,  is  about 
11  per  cent.  This  is  probably  an  overestimate  as  1,5  A is  probably 
greater  than  D for  isolated  separate  parts.  This  is  because  many 
of  the  separate  parts  grow  smaller  and  disappear  during  the  sintering 

«w* 

process.  Therefore,  for  the  separate  parts  should  be  less  than 
X for  the  entire  void  space  of  a structure  which  includes  the 
multiply  connected  portion  of  the  void  space 
s ep ar  ate  p ar t s , 


as  well  as  the  isolated 
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Table  19.  Values  of  1 and  D, 


Sampl e 
Dens i ty 
(cm/cc) 

L 

(cm) 

D 

(cm) 

115  Micron 

Spherical  Powder 

7.05 

- 

0.1126 

7.50 

- 

0.1126 

7.76 

- 

0.1126 

8.05 

- 

0.1126 

48  Micron  Spherical  Powder 

7.26 

0.1075 

- 

7.74 

0.1075 

- 

8.00 

0.1075 

- 

8.25 

0.1075 

- 

8.40 

0.1075 

- 

48  Micron  El 

ectrolytic  Powder 

1.30 

0.063 

- 

2.81 

0.051 

- 

3.99 

0.079 

- 

4.96 

0.077 

- 

6.05 

0.077 

- 

6.95 

0.091 

7.92 


APPENDIX  3 


RELATION  BETWEEN  THE  VALUES  OF  GENUS  FOR  TWO 
DIFFERENT  SIZE  FRACTIONS  OF  SPHERICAL  POWDER 


Prior  to  sintering,  the  genus  per  gram  for  a single  size 
fraction  of  spherical  powder  is  given  by  equation  (7)  where  C^, 
e b/n.  For  two  different  size  fractions,  1 and  2,  equation  (7) 
becomes 


Gp  (1)  " l'p  (l)[(b/n)(l)  ■ *1 

(AO) 

GP  (2)  " (2)[(b/n>(2)  " 1] 

(Al) 

There  is  considerable  evidence  which  indicates  that  the  particle 
stacking  is  similar  for  any  size  fraction  of  spherical  particles.  The 
density  of  all  such  particle  stacks  is  found  to  lie  between  60  to  62 
per  cent  of  the  theoretical  density  of  the  material.  This  density  is 
difficult  to  change  without  deforming  the  particles  [36];  therefore, 
the  particle  stacking  of  such  a system  is  stable  and  is  apparently 
similar  for  different  size  fractions  of  spherical  powderse 

This  can  be  expressed  for  two  size  fractions,  (1)  and  (2), 
as 

b/n(i)  » b/n(2)  <A2) 


317 


318 


On  dividing  equation  (41)  by  equation  (42),  the  following 
relation  is  obtained  as  the  (b/n  - 1)  terras  cancel 

„ lein 

Gp  (2)  (2) 

The  number  of  particles  per  gram,  Pp  , is  equal  to  the  inverse  of 
the  mass  of  one  particle;  therefore 


(43) 


Se.to.  . Mi 

Efi  (2)  M(l) 

where  M is  the  mass  per  particle.  In  terms  of  the  theoretical 
density,  {3 and  the  volume  of  each  particle  this  becomes 

>1(2)  4/3rr(r2)  th  (r2>3 


(44) 


M 


(D  4/3n(r1)-^Oth  (r^T3 


(45) 


Combining  equations  (44)  and  (45)  gives 


(1) 


(r9)' 


GP  (2)  (rl)3 


(46) 


For  the  115  micron  and  48  micron  spherical  powders,  equation  (46) 

r-.  ' ‘ . 4 . ■ . • - 

gives 

* - (48)  r_  (1I5>3 

Qp  (115)  (48)3 


rs 


13.74 


APPENDIX  4 


SAMPLING  ERROR 

Consider  an  ideal  network  formed  as  follows.  The  nodes  and 
branches  of  the  network  correspond  to  small  cubes  and  the  faces  of 
the  small  cubes,  respectively,  as  illustrated  in  Figure  133a.  A 
stack  of  these  small  cubes  then  forms  a network  which  has  six 
branches  per  node.  Consider  a stack  which  is  square  in  cross 
section  and  extends  indefinitely  in  the  direction  normal  to  this  cross 
section,  as  illustrated  in  Figure  133b.  The  dimension  of  the  small 
cubes  is  S and  the  length  of  an  edge  of  the  cross  section  of  the  stack 
of  small  cubes  is  L, 

Recall  that  the  connectivity  of  an  actual  sinter  structure  is 
obtained  by  determining  the  change  In  connectivity  with  volume  of 
material  analyzed.  The  analogous  situation  for  the  stack  of  cubes  of 
Figure  133b  can  be  developed  as  follows. 

As  each  successive  layer  of  small  cubes  Is  added  to  the  stack, 
the  connectivity  and  volume  of  the  stack  are  increased.  This  is 
analogous  to  the  consideration  of  successive  serial  sections  through 
a sinter  structure.  The  magnitude  of  the  increase  In  connectivity 
depends  on  whether  the  maximum  or  minimum  limit  is  under  consideration. 
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<b) 


Figure  133 


Illustration  of  a node-branch  network  formed  from 
a stack  of  small  cubes. 
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Consider  the  maximum  limit  first,  when  all  branches  crossing 

the  surface  of  the  stack  are  connected  to  an  external  node*  Each 

layer  consists  of  (L/S)  small  cubes.  As  each  layer  is  added  to  the 

stack,  the  connectivity  of  the  stack  is  changed  as  follows.  The 

branches  between  the  new  layer  and  the  preceding  layer  increase 

the  connectivity  by  (L/S)  - 1,  The  -1  is  a result  of  the  fact  that 

all  branches,  except  the  first,  between  the  two  layers  contribute 

one  to  the  connectivity.  The  branches  in  the  layer  contribute 
2 

(L/S  - 1)  ' and  those  through  the  sides  of  the  layer  incident  on  the 
external,  node  contribute  4L/S  to  the  connectivity.  Thus,  the  maximum 
change  in  connectivity,  /Umax,  on  adding  one  layer,  is  the  sum  of 
these  terms,  which  is,  on  combining  terms. 


f ^max 


2L2  2L 

■cam  «s»> 

S2  S 


(47) 


9 

When  this  is  divided  by  the  volume  of  the  layer,  L^S,  the  following 
relation  for  the  maximum  connectivity  per  unit  volume,  CytLX,  is 
obtained 


.max 


max 


2 , 2 

rj  mezM 

1 2 
SJ  LSZ 


(48) 


Vtt  » 

v Av 

where  £\V  is  the  volume  per  layer.  The  quantity,  CySX,  is  analogous 
to  the  maximum  limit  for  the  genus  per  unit  volume  of  a sinter 


structure. 


Now  consider  the  minimum  limit  of  connectivity  obtained  when 
branches  through  the  sides  of  the  layer  are  capped  at  the  surface  of 
the  stack.  The  minimum  change  in  connectivity,  ^ Cri~'n,  as  each 
layer  is  added,  is  given  by 


min 


(49) 


2L 

S 
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When  this  is  divided  by  the  volume  per  layer, 
for  the  minimum  connectivity  per  unit  volume, 

min  Acmin  2 2 

V s3  LS5 


the  following  relation 
Cy*n,  is  obtained 

(50) 


fiC  t 

The  actual  value  of  connectivity  per  unit  volume,  Cy  , for  a 
structure  consisting  of  six-branch  nodes  can  be  obtained  from 
equation  (7)  where  Cp  /P^  «=  b/n,  This  gives 


Cy  « Ny ( 2 ) (51) 

as  b/n  for  a network  consisting  of  six-branch  nodes  is  3,  The 
number  of  nodes  per  unit  volume,  Ny,  is  1/S  , which,  when  substituted 
in  equation  (51)  gives 


The  following  features  of  the  experimentally  determined 
cumulative  genus  versus  volume  of  material  analyzed  curves  can  be 
inferred  from  equations  (48),  (50)  and  (52).  As  the  cross-sectional 
area  of  the  stack  of  cubes  is  increased,  that  is,  as  L increases,  the 
maximum  and  minimum  limiting  values  of  connectivity  approach  the 
actual  value  of  connectivity.  This  indicates  that  as  the  area  analyzed 
on  each  serial  section  through  a sinter  structure  is  increased,  the 
difference  between  the  slopes  of  the  maximum  and  minimum  values  of 
cumulative  genus  versus  volume  of  material  analyzed  curves  becomes 
less  and  these  slopes  both  approach  the  actual  value  of  the  genus  of 
the  structure  under  consideration.  This  is  not  limited  to  the  case 
where  the  square  area  of  each  serial  section  is  analyzed.  An  area  of 
any  shape  could  be  used  for  the  stack  of  cubes  or  for  the  actual 
analysis  of  a sinter  structure.  The  term  2/LS“  in  equations  (48) 
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and  (50)  depends  on  the  shape  of  the  area  chosen  as  follows*  As 
each  layer  of  cubes  is  added  to  the  stack,  the  surface  area,  A , of 
the  sides  of  the  layer,  through  which  branches  to  the  external  node 
pass,  is  given  by 

As  » 4LS  (53) 

and  since  the  volume  of  the  layer  is  L^S,  the  ratio,  R,  of  this 
surface  area  to  the  volume  of  the  layer  is 

R » £ (54) 

For  a circular  cylinder  of  diameter,  D,  the  corresponding  ratio  is 
given  by 

R ” “ (55) 

Therefore,  if  the  correction  term  2/LS^  is  replaced  by  R/2S^,  then 
equations  (48)  end  (50)  hold  for  a stack  of  cubes  of  arbitrary  cross 
section. 
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